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SUMMARY 
Crystallisation by precipitation is a very common technique in industry, however 
the crystals produced are often of poor quality, characterised by broad particle size 
distribution and morphological inhomogeneities. These problems can be overcome by 
the use of ultrasound. Sonocrystallisation, or ultrasound-assisted crystallisation, has 
already demonstrated its general benefits in terms of reduction in crystallisation time, 
smaller and more homogeneous crystals and repeatability. However, there are many 
issues still unaddressed, such as poor knowledge of the mechanism of 
sonocrystallisation and of the governing parameters of the whole system. This is 
largely attributed to lack of systematic studies, varying frequency and power while 
using the same equipment, as well as difficulties in comparing results from different 
systems. Furthermore, ultrasound is still considered uneconomical in industrial scale, 
due to its high energy demand. Therefore, there is the necessity of optimising the use 
of ultrasound for guaranteeing a high-quality product with the lowest energy 
consumption. 
 
This thesis therefore focused on studying the effects of sonocrystallisation for two 
different crystallisation systems by precipitation: the antisolvent crystallisation of 
sodium chloride and the reactive crystallisation of ZIF-8, a type of Metal-Organic 
Frameworks (MOFs). In both systems, frequency, power and sonication time was 
systematically varied, and the effects on the product obtained investigated. The effect 
of changing supersaturation was also studied. The comparison between a simpler and 
a more complex system could help on obtaining general conclusions useful for 
clarifying the mechanism of sonocrystallisation. 
 
The antisolvent sonocrystallisation of sodium chloride revealed that sonication 
caused a reduction of the crystal size up to 10 times with respect to unsonicated 
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conditions. This was achieved within a few seconds of sonication (5 s for high 
supersaturation and 15 s for low supersaturation), indicating that the effects of 
ultrasound were on the nucleation, causing the rapid formation of small and regular 
crystals. Phenomena of sono-fracture was excluded because the crystals formed were 
morphologically regular, very different from fragments. Adding a subsequent step in 
silent conditions or using intermittent ultrasound bursts coupled with silent conditions 
showed a limited crystal growth. Hence, ultrasound uses the majority of the solute 
forming new small crystals and leaving in the solution only a small amount of sodium 
chloride. The effects of different frequencies and powers were more evident at lower 
supersaturations, with lower frequency being more effective at reducing crystal size. 
However, under these conditions, although a small average crystal size was obtained, 
the particle size distributions were bimodal at low power. At high supersaturation, 
this bimodality disappeared even at low powers. 
 
For the reactive crystallisation of ZIF-8 at high excess of ligand, it was confirmed 
that the action of ultrasound caused a reduction of the crystal size up to nanometre. 
Furthermore, it was demonstrated again that the action of sonication was on the early 
stages of the crystallisation. However, the effects of ultrasound resembled a lot the 
results obtained when only mixing was applied, suggesting that sonication was not 
directly influencing the chemistry of the reaction. In addition, the BET surface area 
appeared to be related to the power used, reaching a maximum and decreasing beyond 
a certain power. This suggests that a competition between micromixing, causing an 
increase of the BET surface area, and shockwaves, responsible of breaking the 
framework during its formation. On the other hand, when a low excess of ligand was 
used, it was revealed that the formation of by-products was accelerated when mixing 
or sonication were applied. However, if shorter reaction time was applied, it was 
possible to obtain a reasonable quality of ZIF-8 at low excess of ligand. This new insight 
explains why low excess of ligand was considered unsuitable for ZIF-8 production, as 
all reported studies in the literature have applied mixing and used long reaction times. 
Overall, the results from this thesis have demonstrated commonalities between 
antisolvent and reactive crystallisation, that is reducing the sonication time to a brief 
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interval at the beginning of the crystallisation can achieve the same size reduction as 
sonicating for the entire process. This is a key result in view of optimising 
sonocrystallisation processes. In addition, lower supersaturations or excess ligands are 
more sensitive to the crystallisation condition. The effect of frequency and power is 
more significant under antisolvent crystallisation, whereas under reactive 
crystallisation mixing is the dominant effect and therefore no frequency or power effect 
is observed. These differences may explain why there are inconsistencies in the 
reported frequency and power effects in the literature. 
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Chapter 1  
Introduction 
1.1 Background 
The formation of crystals from an initial solution of solvent and solute is an ancient 
process. It seems that crystallisation is as old as the writings of man [1] with the first 
direct use of crystallisation in the production of salt by evaporation of sea water, 
method used by the Chinese population in 2700 B.C. and ancient Egyptians in 1500 
B.C. [1]. Today, crystallisation is present in many different fields, since it is the cheapest 
and easiest way to obtain high purity solids [2]. For these reasons, it is particularly 
used in pharmaceutical and food industries, where the production of highly pure 
crystals is an important requirement, together with the possibility to control the 
particles properties in order to improve their flowability, compactability, etc. [2]. On 
the other hand, crystallisation is also used as an alternative separation process, such as 
in the petroleum industry for particular liquid hydrocarbon mixtures [2]. 
Although crystallisation is a common and preferred process employed by the 
industry, problems of control of the final product still exist, especially when 
crystallisation by precipitation is used. This method consists in adding a compound or 
solvent to the initial solution or mixing two different streams for quickly inducing the 
production of a solid, i.e. precipitation of crystals [2,3]. Precipitation is appreciated in 
industry for its rapidity; however poor-quality crystals are often produced using this 
route [2]. Many parameters affect this type of crystallisation, such as the reactant 
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injection point and injection rate, the sequence of reactant mixing, the blade design, 
and the reactant solution concentrations [2,4–6]. Therefore, all these aspects should be 
kept controlled for guaranteeing specific properties of the final product. 
The application of ultrasound during a crystallisation process is called 
sonocrystallisation. This technique started being of great interest in the middle of XX 
century [7–9], since the benefits on both the crystallisation and the final product were 
immediately evident. Sonication generally improves the properties of crystals, i.e. 
narrower PSD (Particle Size Distribution), homogenous shape, smaller crystals, higher 
repeatability, with the capacity of changing polymorphs [10–21]. Moreover, 
ultrasound has shown the capacity of inducing crystallisation more quickly and with 
lower supersaturation degrees [15,18,22–24]. However, the mechanism behind 
sonocrystallisation is still unknown and this prevents the full exploitation of the 
technique. At the moment, it is known that the cavitation activity induced by 
ultrasound generates shockwaves and microjets, which leads to the generation of high 
level of turbulence in the system, improving the mixing and inducing extreme 
temperature and pressure locally [17,25,26]. However, the way in which these 
phenomena affect the crystallisation is still not fully understood and there are 
inconsistencies in the literature. For example, in some cases sonication increases the 
crystal size or does not affect the final size [12,27], or an increase of the induction period 
if the ultrasonic energy is below a certain threshold [28]. These inconsistencies could 
be largely attributed to the lack of systematic studies, varying frequency and power 
using the same set-up and crystallisation system. 
Furthermore, one main limitation of the use of sonication in industry is the high 
energy demand. For example, in a laboratory scale system of only ~ 200 ml of solution, 
a power consumption of more than 200 W has been calculated for only one 6 cm 
diameter plate transducer with frequency between 44 and 500 kHz [20].  For an 
industrial scale, it would need a high number of transducers that would require more 
powerful amplifiers to drive them [17]. The energy impact from the use of ultrasound 
is therefore important, and optimisation of the sonication system is thus necessary to 
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reduce as much as possible the energetic demand of the process whilst still improving 
the product properties. 
Therefore, even if sonocrystallisation has demonstrated to be a solution for a better 
control of both crystallisation process and product, it is rarely considered in industrial 
applications because of the poor knowledge of the mechanism and the lack of 
optimisation. These two are the main obstacles toward the full exploitation of 
sonocrystallisation. 
1.2 Aim and objectives 
The aim of this thesis is to contribute towards a better understanding of ultrasound 
assisted crystallisation, together with attempts of optimisation of two case studies. This 
will be pursued by varying systematically the main ultrasound parameters, namely 
sonication time, frequency and power. Furthermore, the effects of sonocrystallisation 
under different supersaturations will be carried out in order to detect a possible 
correlation between ultrasound and solute quantity. This aspect can also be useful for 
optimising the process. 
One of the objectives is to clarify the reasons for the inconsistencies found in the 
literature by investigating two different crystallisation systems to infer general 
conclusions and to highlight any differences induced by sonication. Crystallisations by 
precipitation has been chosen as the focus of this study due to its applications in 
industry. Antisolvent and reactive crystallisation have been considered because they 
are both precipitation techniques, but in the latter chemistry also plays an important 
role. The same amplifier and plate transducers have been used, and the cavitation 
activity has been quantified using calorimetry dosimetry and 
sonoluminescene/sonochemiluminescence. This should allow to improve the 
comparisons between different systems studied and better understanding on the role 
cavitation has on sonocrystallisation. 
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1.3 Outline of this thesis 
First in Chapter 2, an introduction on the fundamentals of ultrasound and 
crystallisation, focusing the attention on the antisolvent crystallisation of sodium 
chloride in ethanol and the reactive crystallisation of ZIF-8 in water will be presented. 
Also discussed in this chapter is the state of the art of these two systems and the 
problems associated with the process and how sonocrystallisation could be the 
solution. This is followed by a summary of the literature review on the main 
mechanisms proposed for sonocrystallisation.  
In Chapter 3 the materials and methods used in the experiments are summarised 
for both antisolvent and reactive crystallisation systems. Although both process uses 
the same sonication system, the set-up for the reaction vessel differs due to the smaller 
volume used for the ZIF-8 synthesis. 
For antisolvent sonocrystallisation, a simple sodium chloride in ethanol was 
chosen and the effect of different frequency, power and sonication time on the crystal 
size obtained were investigated and compared to the crystals obtained under no 
sonication. This study has been divided into two chapters, with Chapter 3 looking at a 
high supersaturation and Chapter 4 is at a lower supersaturation. 
In parallel, Chapter 6 and 7 show the results of the reactive sonocrystallisation of 
ZIF-8, at high and low excess of ligand, respectively. Similarly, the effect of frequency, 
power and sonication time on the property of ZIF-8 (crystallinity, purity, yield, crystal 
size, morphology and BET surface area) are systematically investigated. 
Finally, the main conclusions of the thesis are presented in Chapter 8, where the 
two systems, antisolvent and reactive crystallisation, are compared to determine any 
common effects and differences. Limitations of the study are discussed, with proposals 
for future research. 
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Chapter 2  
Literature review 
This chapter presents the fundamentals of both crystallisation and ultrasound, 
followed by the current state of the art of sonocrystallisation. Two crystallisation 
systems are described in detail: the antisolvent crystallisation of sodium chloride and 
the reactive crystallisation of ZIF-8. These two crystallisation systems have shown to 
be affected by ultrasound, but there is a lack thorough systematic study into detailed 
parametric ultrasound effects to fully understand the mechanism behind 
sonocrystallisation. Furthermore, different mechanisms of the effects of ultrasound on 
crystallisation are discussed, showing similarities and contradictions among the 
theories proposed. Furthermore,  
The literature review on sonocrystallisation has already been published in: 
Nalesso S., Bussemaker M.J., Sear R.P., Hodnett M., Lee J., “A Review on Possible 
Mechanisms of Sonocrystallisation in Solution”, Ultrasonics Sonochemistry, 2019, vol. 
57, pp. 125-138. 
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2.1 Fundamentals of ultrasound and Acoustic cavitation 
2.1.1 Ultrasound waves 
A sound wave is a mechanical wave that creates pressure fluctuations (alternating 
rarefaction and compression phases) and particle movement in the medium where it 
propagates. Depending on the frequency, the sound wave can be heard by human ears 
(20 Hz – 20 kHz), or not audible if it is an infrasound (lower than 20 Hz) or ultrasound 
(higher than 20 kHz) [29]. Ultrasound (US) can also be divided in three main groups 
depending on the power generated by the waves: power or high-intensity ultrasound 
(20 – 100 kHz), high frequency ultrasound (100 kHz – 1 MHz) and diagnostic 
ultrasound (1 – 10 MHz) [30]. Power ultrasound can also change the physicochemical 
properties of materials (sonochemistry, sonocrystallisation, food processing) [30]. 
High frequency ultrasound at low power is used for non-destructive and non-invasive 
monitoring of materials properties [30]. Finally, diagnostic ultrasound at low power is 
mainly used for medical applications [30]. 
US is usually generated by piezoelectric ceramic transducers with a certain 
operating frequency. There are three types of transducers: horn, plate and high 
intensity focused ultrasound (HIFU) transducer. The horn transducer (usually 20-100 
kHz) concentrates the sound energy at the tip. This probe can generate high fluid 
movement close to the tip, since the power is concentrated in a small area, usually with 
a diameter around 2.5 cm [31]. On the other hand, plate transducers (20 – 2 MHz) have 
a larger surface area where the sound field can propagate through the entire bulk of 
the liquid. In regard to HIFU, the transducers are curved and the US energy is focused 
at the focal point. This can induce localised heating and cavitation, useful for medical 
application such as treatment of cancerous tumours or haemostasis of injured blood 
vessels. 
When an ultrasound wave propagates in a liquid from the transducer surface, it 
will be reflected back when it reaches a reflective surface. If there are no attenuations 
in the liquid, the incident and the reflected waves will perfectly superimpose, resulting 
in a “standing wave” [29] consisting of pressure nodes and antinodes. At the pressure 
node the pressure variation is at a minimum, while at the pressure antinode it is at a 
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maximum. Under ideal conditions, the overall net flow of energy is zero since the two 
waves cancel each other [29]. On the other hand, if there are attenuations in the system 
[32], the waves do not superimpose symmetrically and differences in energy and 
pressure occur, creating an internal bulk movement in the liquid [29]. This is called 
“travelling” wave, in which nodes and antinodes are displaced with respect to the 
positions in a standing wave. In reality, it is difficult to have a perfect standing wave 
and a mixture of standing and travelling waves is more likely to exist, where the 
amount of fluid movement in the direction of the propagating wave is related to the 
proportion of travelling wave present in the system [29]. The attenuation in the system 
can be caused by different phenomena: heat generated by viscous forces, heat flow 
between compression and rarefaction, intermolecular energy exchange, and bubbles 
[29,33–36]. 
2.1.2 Acoustic Cavitation 
When US waves propagate in a liquid, the alternation of compression and 
rarefaction steps causes cavitation phenomena, which is the formation of bubbles, their 
progressively growth and their collapse when the resonance size is reached (Figure 
2.1) [31]. 
 
Figure 2.1. Summary of cavitation activity steps along the time: active bubble formation, 
growth and implosion. 
The life cycle of bubbles in an acoustic field is showed in Figure 2.2. It is well 
accepted that cavitation bubbles originate from pre-existing cavities and gas nuclei in 
the liquid, since experiments have shown that with degassed liquids the cavitation 
activity is generally lower [37]. These gas nuclei then oscillate and grow in solution by 
Chapter 2 
8 
the action of the oscillating pressure sound waves [38]. Bubbles can grow through two 
different mechanisms: rectified diffusion and coalescence. Rectified diffusion is the net 
growth by mass transfer of gas across the bubble wall as the bubble expands and 
contracts [39]. During the expansion the bubble internal pressure decreases, causing 
gas to diffuse toward inside. During the compression the bubble internal pressure 
increases, causing gas to diffuse toward outside. The rectified diffusion considers that 
the amount of gas diffusing inside the bubble is higher than the gas diffusing outside, 
hence the bubbles grow during the oscillations [40]. The rectified diffusion can only 
occur when a certain pressure threshold is exceeded. On the other hand, the 
coalescence is responsible of combining together bubbles. It allows the bubble to reach 
the resonance size much more quickly compared to the rectified diffusion process, 
producing large and visible degassed bubbles [37]. When the bubble reaches its linear 
resonance size (critical diameter) it undergoes inertial collapse. These bubbles are 
called active bubbles because they determine the cavitation activity in the system [29]. 
However, if the bubbles are larger than the collapse size, they are removed from the 
system by buoyancy when their size becomes too large [38,41]. These bubbles are called 
inactive or degas bubbles because they do not contribute towards the cavitation 
phenomena [29]. 
The collapse of the bubble causes rapid adiabatic compression of gases and 
vapours [31] inside the bubble, and generates very high pressure (up to tens of GPa) 
and very high temperature (up to tens of thousands K) [42–44]. Modelling have 
showed that in practice the unstable size for an active bubble is smaller than the linear 
resonance size because bubble pulsation is not linear [45]. This collapse can create light 
emission, known as sonoluminescence, and/or fragments into daughter bubble nuclei. 
These nuclei can then grow again  and collapse or, if the US conditions are insufficient, 
they will simply dissolve due to Laplace pressure caused by the surface tension [38]. 
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Figure 2.2. Life cycle of bubbles in a sonicated system, with growth, collapse fragmentation and 
formation of bubble nuclei. Reprinted from [41], Copyright (2007), with permission from 
Elsevier. 
The presence of pressure waves and bubbles can induce bulk fluid movement. 
Attenuation of the acoustic waves by either the fluid and the bubbles can generate 
pressure gradients leading to fluid motion known as acoustic streaming and quasi 
acoustic streaming, respectively [36,46]. Shockwaves, micro-jets and micro-turbulence 
are generated by collapsing cavitation bubbles and contribute to the high level of 
mixing reached in presence of US [25]. 
2.1.3 Sonoluminescence (SL) and Sonochemical bubbles 
Immediately before the bubble reaches the minimum collapse size, it is possible to 
have emission of light: this is known as sonoluminescence (SL). There are many 
different explanations for the SL phenomenon: thermal incandescence, electrical 
discharges, formation of plasma, etc [29]. Previous studies [33,35,47] have revealed that 
the light intensity produced by the SL depends on the amount of standing waves 
present in the system, i.e. the stronger the standing wave field, the higher is the SL 
intensity. This was attributed to a low level of attenuation.  In addition, there is a direct 
correlation between the SL intensity with the population of collapsing bubbles and 
acoustic pressure. 
Chapter 2 
10 
Another phenomenon that can occur from collapsing cavitation bubbles is the 
formation of reactive free radicals which are produced by the thermolysis of water 
vapour inside the bubble from the extreme temperatures [38]. This is known as 
sonochemistry (SC), and its activity can be measured adding luminol to sonicated 
water. In this way the free radicals can react with luminol to form hydroxylated 
luminol, which emits high intensity light called sonochemiluminescence (SCL) [41]. It 
is important to underline that SL and SCL are two distinct phenomena caused by 
different bubbles sizes. It has been shown by Brotchie et al [48] that the bubble size 
distribution for sonochemical bubbles is broader and at a smaller size range compared 
to SL bubbles. This is related to the higher temperatures required for SL production, 
which can be reached by larger bubbles. Whereas for sonochemical bubbles, a much 
lower temperature is need for the dissociation of water molecules for free radical 
production [49]. A systematic study [35] on these phenomena have revealed that the 
power threshold for sonochemical bubbles was lower in comparison with SL, i.e. more 
energy is needed in order to drive the bubbles to emit SL [49]. 
2.1.4 Quantification of cavitation activity 
Due to the fast-dynamic nature of acoustic cavitation and the size of the cavitation 
bubbles, it is difficult to directly measure the number of active cavitation bubbles. For 
these reasons, it is important to find a method to quantify cavitation activity. There are 
many techniques that can be used to monitor the direct and indirect effects of acoustic 
cavitation. At the moment there is no general consensus on the way in which cavitation 
activity should be preferably quantified, and this causes problems of comparisons 
among different systems. 
Calorimetry measures the energy delivered to the system through the increase in 
temperature inside the solution. It is an indirect measurement of energy input since 
the cavitation activity is not directly related to the solution heating [50]. In order to 
calculate the calorimetric power, the following heat balance is used: 
𝑃𝑐𝑎𝑙 = 𝑚𝐶𝑝
𝑑𝑇
𝑑𝑡
 2.1 
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where m is the mass of the solution, Cp is the specific heat of the medium, T is the 
temperature and t is the time. This method is the easiest and the most accessible for 
comparing different sonication systems, and for these reasons it is often used. 
However, in reality, the energy input can come from other phenomena related to the 
generation of heat: attenuations in the systems [29], efficiency of the coupling between 
amplifier and transducer and the mechanical action of the transducer. This means that 
calorimetry may not reflect the actual amount of cavitation activity in the system. 
Another technique is the measurement of the SL intensity, which is directly 
correlated with the acoustic cavitation activity. However, the magnitude of the SL 
intensity is proportional to both the population of SL bubbles and collapse intensity 
per bubble [35], and it is difficult to decouple these two parameters. In addition, to 
capture SL intensity, there requires a specialised camera or photomultiplier tube that 
is sensitive enough to capture the low SL intensity. 
SCL intensity is another method of quantifying the acoustic cavitation by 
measuring the sonochemical yield. This can be measured using luminol which reacts 
with the free radicals and the intensity of the chemiluminescence emitted by the system 
would then be proportional to the amount of radicals produced [41]. Another method 
of quantifying sonochemical yield is dosimetry [51]. It uses the Weissler reaction, 
which is the oxidation of iodide ions produced from KI-H2O solution. The process is 
governed by the following reactions: 
2𝑂𝐻. →  𝐻2𝑂2 
𝐻2𝑂2 + 2𝐼
− → 2𝑂𝐻− + 𝐼2 
𝐼2 + 𝐼
− → 𝐼3
− 
2.2 
The quantity of 𝐼3
− is measured using UV visible spectrophotometry by monitoring 
the absorbance at 353 nm and its concentration produced can be correlated with the 
quantity of OH radicals generated by the acoustic cavitation [50]. 
Finally, the acoustic emission generated by cavitation can also be measured [52] 
by employing a hydrophone. The spectral features of the captured acoustic emission 
are then processed using Fast Fourier Transform (FFT). The features that can be 
revealed are the harmonics and ultras-harmonics from the oscillating bubbles and the 
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continuous “cavitation noise”, which is linked to the violent inertial collapse of 
cavitation bubbles. 
2.1.5 Parameters affecting cavitation 
It is important to note that US systems can be affected by many different 
parameters, such as frequency, power, presence of dissolved gas, surface-active agents 
and/or electrolytes [37]. Other influencing parameters can be taken into account, such 
as the height of the liquid, the type of vessel (shape, size, proportions, type of material 
and connection type with the transducer), the liquid properties (density, viscosity) and 
many others [53,54]. All of these can interfere with the wave field and on the cavitation 
activity and therefore caution should be taken when scaling-up or simply when the 
change of one piece of equipment is necessary, such as the vessel, the amplifier or the 
transducer. 
In Table 2.1 the effects on the principal phenomena related to US cavitation are 
reported as a function of the variation of some common parameters. The results come 
from different studies that has been thoroughly detailed in reference [37]. 
 
 
  
Table 2.1. Summary of the effects of the principal parameters considered in US experiments on the cavitation phenomena [37]. Legend: (↑) = increase, (↓) = 
decrease, (↔) = no effect. 
PARAMETERS RECTIFIED 
DIFFUSION 
COALESCENCE SL & SCL CAVITATION 
BUBBLE SIZE 
DISTRIBUTION 
CAVITATION 
BUBBLE 
POPULATION 
(↑) Power (↓) min bubble size for 
rectified diffusion 
(↔) (↑) light intensity, BUT with excess 
power there are quench effects 
(↑) mean bubble size 
until a plateau, because 
excess power causes 
fragmentation 
(↑) 
(↑) Frequency (↓) bubble expansion 
and (↓) rectified 
diffusion growth rate, 
therefore more power is 
required for obtaining 
the same cavitational 
effects 
Not easy relation: 
(↓) Bjerknes forces, 
therefore coalescence 
should decrease, but  
(↑) acoustic wave 
attenuation (↑) 
coalescence 
(↑) antinodes number, therefore (↑) 
SL & SCL bubbles population, BUT 
with excess frequency (↓) bubbles 
expansion, therefore (↓) collapse 
strength, therefore (↓) SL & SCL; in 
addition, light emission becomes 
localised at the liquid surface 
because of (↑) travelling waves 
(↓) and narrower size 
distribution 
(↑) 
(↑) Dissolved gas (↑) rectified diffusion 
growth rate, and the 
type of dissolved gas 
influences the rate 
(↑) (↑) light intensity, BUT with excess 
concentration (↑) travelling waves, 
therefore (↓) SL & SCL, and the type 
of dissolved gas influences SL & SCL 
intensities 
(↑) (↑), BUT with excess 
concentration  
(↓) because larger 
inactive bubbles are 
formed 
(↑) Surface-active 
agents 
(↑) rectified diffusion 
growth rate 
(↓) (↑) light intensity, BUT excess of 
surface-active agents (↓) SL 
(↓) (↑) 
(↑) Electrolytes (↓) (↓) (↑) light intensity because (↑) core 
temperature, BUT excess of 
electrolytes (↓) SL 
(↓) (↓) 
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2.2 Fundamentals of crystallisation 
Crystallisation is a separation process in which a solute precipitates from the solvent, 
forming a two-phase solid-liquid system. This process is governed mainly by the solute’s 
solubility and a typical solubility diagram with the regions of saturation and 
supersaturation as shown in Figure 2.3. The solubility line describes the thermodynamic 
limit for the solute to remain in solution, while the nucleation line represents the points in 
which crystal nuclei are formed spontaneously. Supersaturation is usually described as a 
concentration ratio or relative supersaturation with respect to the equilibrium saturation 
concentration, indicated by the solubility line. The zone between the nucleation and the 
solubility curves is called the metastable zone (MSZ). 
 
 
Figure 2.3. Typical diagram of solubility expressed in concentration as function of temperature and 
the different regions of saturation. The process lines from A to B and A to B* indicate the moving 
into the supersaturated regime at constant concentration and temperature, respectively. Reprinted 
with permission from [2]. Copyright 2002 American Chemical Society. 
In order to crystallise the solute at point A shown in Figure 2.3, it is necessary to 
change the system condition to destabilise the equilibrium, i.e. establishing the 
supersaturation required for starting crystallisation. This can be achieved by decreasing 
the temperature of the system, called as cooling crystallisation (from A to C), or by changing 
the concentration, known as evaporative crystallisation (from A to C*). The solubility line 
describes the thermodynamic limit of the solute in solution. However, no crystals will 
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appear until the temperature reaches the nucleation line, where spontaneous nucleation 
occurs. This line is usually determined experimentally either by detecting the nuclei by 
eye or by a laser diffraction probe. The zone between the nucleation and the solubility 
curves is called the metastable zone or metastable zone width (MSZW), where the crystals 
grow. The time required between the onset of supersaturation and the first appearance of 
detectable crystals is called induction time [2].  
Industrially crystallisation is commonly via precipitations, where crystallisation is 
induced rapidly, usually by mixing two streams together [2,3]. In a precipitation, besides 
the basic steps required for crystallisation (supersaturation, nucleation and growth), 
agglomeration and ageing should be taken into account [2,6]. Agglomeration usually 
occurs immediately after nucleation, while ageing is a group of different phenomena 
which contribute to all the changes of the crystals along the process until the final product 
[2]. The Ostwald ripening is an example of ageing: small particles dissolve and this solute 
contributes to the growth of large crystals [2]. Another ageing process is the phase 
transformation, which is the formation of metastable phases before obtaining the final 
product [2]. 
In industrial precipitations, two types of crystallisation are mainly used: antisolvent 
crystallisation and reactive crystallisation. The antisolvent crystallisation is the addition of a 
second solvent in which the solute has a lower solubility. This method can be achieved via 
drowning-out, when the solution is added to the second solvent, or salting-out, when the 
second solvent is added to the solution [3]. With this method, the supersaturation region 
is reached because the second solvent “breaks” the equilibrium in the solution, by 
changing the solubility of the solute [55]. On the other hand, the reactive crystallisation is 
the chemical reaction between two reactants solutions that are mixed together. The 
reaction produces an insoluble substance, which then precipitates [2]. 
As already mentioned, crystallisation cannot start until the supersaturation in the 
nucleation line is reached. The supersaturation can be expressed in many different ways 
and for this reason care must be taken when comparing the results obtained by different 
authors. In this report, supersaturation ratio, S, and relative supersaturation, σ, are defined 
by: 
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𝑆 =  
𝑐
𝑐∗
 2.3 
𝜎 =  
𝑐 − 𝑐∗
𝑐∗
= 𝑆 − 1 2.4 
where c is the concentration of the solute in the solution and c* is the equilibrium saturation 
of the solute at a given temperature [2].  
2.2.1 Crystal Nucleation 
After the required supersaturation for crystallisation is reached, nucleation occurs. 
There are two types of nucleation, primary and secondary. Primary nucleation occurs in 
the absence of other crystalline structures in the system, whereas secondary nucleation 
occurs when crystals of the solute, either from seeds or primary nucleation, are present in 
the system [2]. In a crystallisation, secondary nucleation follows primary nucleation, and 
occurs at a lower level of supersaturation with respect to primary nucleation. 
2.2.1.1 Primary nucleation 
If the solution has no impurities and is not in contact with a surface (e.g. of a container) 
that promotes nucleation, primary nucleation will be homogenous, but in the presence of 
foreign particles, heterogeneous nucleation occurs [56,57]. Impurities can accelerate or 
inhibit the crystallisation, depending on the interfacial tension between the crystalline 
solid and the other particles [2]. The type of nucleation also depends on the 
supersaturation degree: for a low degree of supersaturation heterogeneous nucleation is 
usually observed, while for a high degree of supersaturation homogenous nucleation can 
be dominant [58]. The most common theoretical model to describe primary nucleation is 
the classical nucleation theory (CNT), which is based on the hypothesis that the nucleation 
is homogeneous. Following this theory, the crystal nuclei are formed by density 
fluctuations inside the solution, starting from collisions among molecules which create 
clusters. As the cluster reaches a critical size, further addition of molecules will initiate the 
nucleation [2]. The main driver of cluster formation is the overall excess free energy, ΔG, 
which is the sum of the surface excess free energy, ΔGS, necessary for creating the surface, 
and the volume excess free energy, ΔGV, which is related to the formation of nuclei volume 
[2]: 
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∆𝐺 =  ∆𝐺𝑆 +  ∆𝐺𝑉 = 4𝜋𝑟
2𝛾 +  
4
3
𝜋𝑟3∆𝐺𝑣 2.5 
where r is the radius of the nuclei, γ is the interfacial tension between the particles of 
solute and the supersaturated solution, ΔGv is the free energy change per unit of volume. 
The two terms in equation 2.5 depend on r in different ways, as it is also shown in Figure 
2.4. 
 
Figure 2.4. Diagram of overall free energy for a crystallisation process, with indication of the point 
of maximum energy, corresponding to the minimum radius at which nuclei start growing. 
Reprinted with permission from [59]. Copyright 2009 American Chemical Society. 
The overall ΔG has a maximum value at ΔGcrit when the size of the nuclei reaches rcrit, 
the critical radius, which is the minimum size required for having a stable structure, 
defined as: 
Δ𝐺𝑐𝑟𝑖𝑡 =
4𝜋𝛾𝑟𝑐𝑟𝑖𝑡
2
3
 2.6 
Crystals smaller than this rcrit will dissolve, whereas crystals larger than rcrit will grow. 
Since the system is at constant temperature and pressure during the process, the average 
free energy is constant, but this is not valid locally. This means that there is a statistical 
distribution in the free energy and locally ΔGcrit can be reached and trigger the nucleation 
step [2]. This behaviour is responsible for the randomness which characterises 
crystallisation. 
According to the CNT, the rate of nucleation in a homogeneous nucleation, J, is 
defined by [2]: 
𝐽 = 𝐴 ∙ 𝑒𝑥𝑝 (−
16𝜋𝛾3𝑣2
3𝑘3𝑇3( 𝑙𝑛 𝑆)2
) 2.7 
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where A is a pre-exponential factor, ν is the molecular volume and k is the Boltzmann 
constant. Experimentally, the nucleation rate can be determined by measuring the 
induction time, which is the time required between the onset of supersaturation and the 
first appearance of detectable crystals [2]. Following the assumptions that the transient 
period during the nucleation stage is negligible and that the nucleation time is much 
higher than the growth time, the induction time (tind) in a homogenous nucleation can be 
calculated as the inverse of the nucleation rate [60]: 
𝑡𝑖𝑛𝑑 ∝ 𝐽
−1 2.8 
It is important to highlight that nucleation almost always occurs at a surface, such as 
the surface of the vessel used for the crystallisation or of an impurity, as well as the 
interface between different phases [57,61]. Therefore, heterogeneous nucleation is the one 
commonly observed, while there are only a few examples of homogeneous nucleation 
proved by experimental data in the literature [62–65]. In fact, all real systems are confined, 
i.e. they have surfaces in which nucleation can occur, and the elimination of all the 
impurities is almost impossible. However, homogeneous nucleation is used to elucidate 
the fundamental processes, therefore it is usually presented when crystallisation is 
explained theoretically. 
2.2.1.2 Secondary Nucleation 
Secondary nucleation is the formation of new nuclei or new clusters through different 
mechanisms such as contact nucleation, fluid shear, displacement of the solute layer on 
the crystal surface, presence of fine particles/fragments [2,3,66]. Contact nucleation is 
when nucleation starts after collision of seed crystals against the vessel or the impeller or 
other crystals, and is considered as the main secondary nucleation mechanism [67]. 
Furthermore, fluid shear can exert mechanical shear forces onto the crystal surface, 
forming new nuclei [66]. Another mechanism is the displacement of the adsorbed solute 
layer near the crystal surface, causing coagulation of the solute clusters, i.e. producing the 
new nuclei [66]. Finally, new sources of nuclei can be fine particles on the surface of the 
seeds, presence of needle or dendrite growths that can be detached from the main crystal, 
or the formation of fragments from the parent crystals due to collisions phenomena [66]. 
However, it is important to underline that the exact mechanisms behind secondary 
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nucleation are still not totally clear [66,68,69]. This represents a big limitation because the 
dominating nucleation process in industry is essentially secondary nucleation. Seed 
crystallisation is very often used in practice, because it is an easy and cheap technique for 
controlling crystal size and polymorphs. 
2.2.2 Crystal Growth 
After the formation of crystal nuclei, the growth stage follows. Many different 
mechanisms have been proposed to explain specific systems. While some of the theories 
have been well accepted by the scientific community, owing to their adaptability to many 
systems, others have been disregarded because of their unrealistic assumptions that limits 
its application to real systems. Here only some of most known are presented. 
At the end of the 19th century, Gibbs attempted to apply his theory for the formation 
of droplets in a fluid to crystals. The result became the basis for the Surface Energy 
Theories, stemming on the idea that the final crystal shape and size depend on the surface 
free energy, i.e. the preferred shape and size will be those that decrease more the surface 
energy. However, there lacks supporting evidence for this theory. In addition, it assumes 
that the shape of the crystals does not change during the growth phase and it is not able 
to explain the influence of supersaturation and  solution movement on the final shape [2]. 
Another theory proposed is the Adsorption Layer, based on the idea that the growth 
takes place through an adsorption layer on the surface of the crystals. As precursor of a 
layer, a centre of crystallisation is present, a two-dimensional nucleus is formed. After that, 
the elementary crystal units will diffuse along the surface until they reach the “active 
centre” where the attraction forces are the greatest, until the layer is completed [2]. 
The two-dimensional nucleus is also considered by the Birth and Spread models (or 
Nuclei On Nuclei or Polynuclear Growth), for which the growth follows a two-
dimensional nucleation that can occur at the edges, on the corners and on the crystal face. 
In addition, nuclei formation can occur on the previous monolayer before this is completed 
[2]. 
Finally, another set of theories are known as Kinematic Theories, according to which 
steps are formed on the crystal surface and they can move across the face. This mechanism 
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can easily explain the presence of surface defects, related to the reciprocal movement of 
steps with different shapes [2]. 
2.3 Antisolvent crystallisation of Sodium Chloride in Ethanol 
Among all the crystallisation methods, one of the most recent is via addition of an 
antisolvent. The idea was born in the 70s, when it became essential to find a less energy 
demanding process for crystallising [70]. One of the first studies on antisolvent 
crystallisation was by Hull et al. [71], in which KIO3 was separated from an aqueous 
solution of KI and KIO3 using 1,4-dioxane. Other works have followed during the next 
decades, with the aim of studying the influence of different solvents on the crystallisation 
of salts, taking into account the overall cost of the process [72–75]. It has been calculated 
that for the antisolvent crystallisation of sodium chloride the energy costs can be 29% less 
than a classical evaporative process [70]. However, solvent recovery is necessary for 
obtaining the final pure product and for recycling the solvent itself, so the process can be 
economically convenient [2]. Organic solvents are usually used because they can easily be 
recovered by a temperature induced liquid-liquid separation, but they are expensive [76]. 
Furthermore, the solvent recovery is mandatory for safety and environmental reasons, i.e. 
antisolvents are usually toxic, flammable, chemically unstable, and a source of 
environmental pollution [70]. 
The major inconvenience of this technique is the poor quality of the final crystals, in 
particular for what concerns morphology and size [4], which is typical of a precipitation 
process. The final product is characterised by a large variety of shapes and a broad PSD 
[55,77]. In addition, the process is very sensitive to the rate of mixing in the system [55,78]. 
Nucleation is influenced by the micromixing conditions in the system because the 
agitation level affects the local supersaturation, which causes the simultaneous presence 
of fine particles and large agglomerated crystals [76]. 
One representative system is the antisolvent crystallisation of sodium chloride. It is 
one of the most studied systems, probably because of the wide distribution of common 
salt production in the world [76]. In addition, sodium chloride is an easy system to study: 
NaCl does not have polymorphs; hence, it is possible to infer fundamental rules and 
guidelines valid also for other more complex systems. Zijlema et al. [76] studied different 
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aspects of this system to design a process for the production of high quality salt via 
antisolvent crystallisation at a reduced energy consumption. Firstly, the choice of the 
antisolvent is of main importance because it characterises the whole process and its 
economic feasibility. Furthermore, for reducing the PSD width, two solutions have been 
proposed. The first is to add a second step of crystallisation [79], while the second is the 
decrease of the antisolvent concentration by addition of solvent in the antisolvent, 
resulting in larger less agglomerated crystals but lower yield. Takiyama et al. [55] focused 
on the antisolvent crystallisation of sodium chloride in ethanol and they showed that 
shape and PSD depend on the supersaturation. They found different shapes available 
(cubic, rod and plane) with different surfaces (smooth, hollow and step), and with higher 
relative supersaturation (σ) the mean crystal size decreases. 
In conclusion, the antisolvent route could be a promising way for crystallising, 
especially for the rapidity of this type of crystallisation respect to cooling and evaporative 
techniques [2]. However, the control of the product properties is still governed by many 
interdependent parameters, and new routes are needed for improving this type of 
crystallisation. 
2.3.1 Sonocrystallisation of Sodium Chloride 
A technique that can be used for improving the product obtained via antisolvent 
crystallisation is sonocrystallisation. Some works have already been done for the anti-
solvent crystallisation of NaCl [13,20,80,81], showing interesting improvements in the final 
product using US. Up to 10 times smaller crystals have been obtained, depending on the 
frequency. In particular, the reduction is higher at low frequency, in a range 22 – 1080 kHz 
with plate transducers [13,20]. In addition, for each frequency increasing calorimetric 
power causes a decrease of the crystal size up to a plateau [13]. However, these works only 
studied continuous sonication up to the end of the crystallisation and one fixed 
supersaturation ratio (σ = 5.93). No studies on this system reducing the sonication time are 
available. 
Even if sonocrystallisation showed many benefits, the fundamental mechanism 
behind the phenomena involved is still unknown. Many theories have been presented to 
explain the process, but none of them seem to be definitely true or false. More studies are 
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needed to obtain a complete knowledge of the system. In addition, it is important to 
underline that most of the works has been done using the ultrasonic horn, while only a 
few studies took into account plate transducers. The two systems are clearly different, 
because of the different actions of the two tools: for the horn, the power is concentrated in 
a small area around the tip, while the plate transducer usually gives a more uniform 
cavitation distribution along the vessel [33,37,82]. These lacks could also be responsible for 
the poor understanding of the phenomena involved when US is applied to a crystallisation 
process. 
2.4 Reactive crystallisation: synthesis of MOFs 
A reactive precipitation is usually more complex than an antisolvent crystallisation 
because reactions among the reagents are involved in the formation of the crystal structure 
[2,3]. It has been demonstrated that the system is very sensitive to different parameters, 
such as the reactant injection point and injection rate, the sequence of reactant mixing, the 
blade design, and the reactant solution concentrations [2,4–6]. All these parameters can in 
fact affect the local concentrations of the reactants, i.e. the uniformity of the 
supersaturation ratio along the reaction vessel, causing subsequently irregular crystals, as 
per the antisolvent process. Furthermore, in a reactive crystallisation also the kinetics of 
the reaction should be considered, i.e. temperature and pressure can affect the system. One 
example of reactive precipitation is the synthesis of Metal-Organic Frameworks (MOFs), a 
new class of hybrid materials, with exceptional porosity that makes them very interesting 
from both scientific and industrial point of views. One of the first works about synthesis 
and analysis of MOFs was by Hoskins and Robson in 1989 [83], demonstrating their 
application as molecular sieve and ion exchange, together with their unusual mechanical 
and electrical properties [83]. Furthermore, MOFs are known for their great structural 
flexibility, where completely different molecules can be obtained by simply changing the 
combination metal-ligand [84]. In addition, MOFs can be functionalised; therefore, it is 
possible to design a specific MOF for the adsorption of specific compounds or for 
heterogeneous catalysis. Since Hoskins and Robson’s publication, the number of MOFs 
discovered has increased exponentially in the last decades, and their possible applications 
have been reported in different reviews [84–87]. MOFs are suitable for any applications in 
  Literature review 
23 
which high porosity is required, such as adsorption, gas storage, catalysis, nanoreactors, 
chemical sensors, and for encapsulation of pharmaceutical ingredients [88–91]. 
MOFs are crystallised at temperatures lower than 250°C [84]. The conventional 
synthesis consists in mixing a metal salt and an organic ligand in a solvent in which both 
reagents are soluble [84]. It is possible to work above the boiling point of the solvent 
(solvothermal reaction), generating autogenous pressure in a closed vessel, or below or at 
the boiling point under ambient pressure (non-solvothermal reaction) [92]. After the 
reaction, MOFs need a series of downstream processes. These essentially are multiple 
washings and separation of the final product and, if needed, a subsequent activation step 
[93]. The main scope is the elimination of guest molecules, such as the solvent, the reagents 
and other by-products, trapped inside the framework, causing pores occlusion and a 
decrease of the surface area [93]. These post-treatments represent a big obstacle to the 
industrialisation of MOFs synthesis, because they usually are inefficient and expensive in 
an industrial scale [93]. 
Other routes for MOFs synthesis already explored are reported in Figure 2.5, where 
they are compared in terms of type of energy, time and temperature required. One 
promising route is the sonochemical synthesis, considering both time and temperature of 
the reaction. Sonication has also been applied to other MOFs. Since 2008, when the first 
MOF was synthesised via sonochemical route [94], many studies have been done to 
confirm the benefits of sonication, as reported in a specific review [95]. However, reports 
are often contradictory, and no general consensus has been found on the effects of US on 
different MOFs synthesis. Nevertheless, it is possible to group the main MOFs aspects 
which can be affected by sonication: crystal size, morphology, reaction time, yield, surface 
area and pore size, and purity. It is important to underline that the majority of the works 
on the sonochemical synthesis focus mainly on the effects and benefits of sonication, 
instead on the mechanism. 
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Figure 2.5. Diagram of the main routes explored for MOFs synthesis, with indication of the type of 
energy used, the time required for the reaction and the temperature. Adapted from [85]. 
2.4.1 Sonocrystallisation of MOFs 
2.4.1.1 MOF crystal size 
One common effect of sonication on MOFs synthesis is the decrease in the crystal size 
down to nanocrystals and the increase in the homogeneity of the size distribution [94,96–
105]. For example, in the case of COF-1 1, sonocrystallisation produced 400 times smaller 
particles with respect to the conventional synthesis [102]. The HKUST-1 1 made with 
conventional electric heating resulted in a crystal size of around 20 µm, while with US 
(horn 20 kHz, 150 W, 1 min sonication) the size decreased down to 0.2 – 0.4 µm [100]. 
Another example is MOF-5 1, in which sonication (horn 20 kHz, 60 W, 10 min sonication) 
produced crystals 60 times smaller than by conventional synthesis [98]. Regarding the 
effects of sonication time, instead, it is interesting to observe that in some cases an increase 
in sonication time increased the crystal size [94,99,100,105], while in other cases a decrease 
is detected instead [96,106], but this might be attributed to fragmentation of the 
microcrystals. Evidence of erosion phenomena have been detected for example for ZIF-67 
[97], when sonication was applied for at least 60 min as post-synthesis treatment. 
                                                     
1 Acronyms for some specific types of MOFs. 
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2.4.1.2 MOFs morphology 
US can also alter the morphology of MOFs. For example, Mg-MOF-74 made with a 
conventional method gave a cauliflower shape (Figure 2.6a and b), while applying 
sonication (horn 20 kHz, 500 W, 1 hr sonication) the particles became spherical, smaller 
and more uniform (Figure 2.6e and f), [107]. Varying sonication time (10 – 90 min) have 
shown to produce a fluorescent MOF in different forms, such as nanobelts, nanosheets and 
microcrystals (horn 40 kHz, 60 W) [96]. In addition, using US (ultrasonic generator 50 – 60 
Hz, 305 W) at different temperatures (10 – 70°C) changed the morphology of a Cu(II) 
porous MOF from pellet to laminate and to grain-like crystals [104]. 
 
 
Figure 2.6. Mg-MOF-74 made by conventional synthesis (a and b) and made by sonochemical route 
(e and f). Adapted and reprinted from [107]. Copyright (2012), with permission from Royal Society 
of Chemistry. 
Furthermore, US can induce catenation, which is the interpenetration or interweaving 
of two or more identical and independent frameworks [108] as shown in Figure 2.7. 
Catenation is useful for improving thermodynamic stability and flexibility and have 
conventionally being produced by changing reagent concentrations, temperature of 
reaction, or adding additives [109]. The use of sonication (horn 20 kHz, 300 W, 1 hr 
sonication time) for controlling catenation has been successful for CuTATB-n and IRMOF 
[109]. In some cases sonication even formed unknown phases or deterioration of the crystal 
quality, especially increasing sonication time [98,99,110]. One possible explanation could 
be the effect of temperature as an increase of sonication time can cause system heating if it 
is not kept controlled. It has been hypothesised that this increase in temperature (129 – 
164°C depending on the power) could deteriorate the crystal quality [98]. However, no 
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systematic studies on the effects of temperature have been conducted in the non-sonicated 
system for confirming this hypothesis. 
 
Figure 2.7. Non-catenated framework (a) and catenated framework (b). Reprinted from [108]. 
Copyright (2013), with permission from Royal Society of Chemistry. 
2.4.1.3 MOFs reaction time and yield 
Another aspect that can be influenced by sonication is the reaction time. Many 
examples show that US generally decreases the time required for completing the reaction, 
from days to just a few hours [94,98,100,102,107,111,112]. Some experimental data have 
showed that this effect is due to an increase in the pre-exponential factor rather than an 
effect on the activation energy [111,113]. 
The effects of US on the yield are still not clear, and this is mainly because experiments 
on sonocrystallisation of MOFs do not often include a control study with the same system 
(same reagents, same solvent, same temperature and pressure, same time) in conventional 
synthesis [94,96,99,110,112,114]. In general, the yield obtained under sonication is 
considered higher because of the shorter time and the lower temperature (room 
temperature) needed for completing the reaction respect to the conventional synthesis [94]. 
Another observation is that in some cases the yield increases when sonication time 
increases [94,96,99]. 
2.4.1.4 MOFs surface area 
For surface area and porosity of MOFs, the reported results do not seem to show any 
trends when US is applied. In some cases, the BET surface area does not change much 
using a sonochemical synthesis with respect to conventional method [97–99,101,102]. 
Whereas there are reports that show an increase in the BET area with sonication, in some 
cases beyond the double of the area obtained in solvothermal conditions [102,107,115]. 
Regarding the pore volume, only a few studies have reported some results, which 
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disagree. For example, in the case of MOF-177 the pore volume increased with US (2.3 
cm3/g vs 1.9 cm3/g obtained by conventional route) [101], while in the case of MOF-5, the 
pore volume was not influenced by sonication (horn 20 kHz, 60 W, 10 min sonication) [98]. 
2.4.1.5 MOFs crystallinity and purity 
Regarding crystallinity and purity, XRD and TGA analysis are usually performed. The 
majority of the studies made on the sonochemical method has shown that there are no 
dramatic influences on both crystallinity and purity of the product [101–103,115,116]. The 
diffraction patterns usually agree with the relative simulated patterns, without any peaks 
indicating presence of impurities or amorphous compounds. Similar observations have 
been found for TGA results. 
2.4.2 Water-stable MOFs: ZIF-8 
Despite the fascination with these new generation material possessing exceptional 
properties and applications, the majority of MOFs are not stable in water [86]. This 
represents a big issue for the commercialisation and use of these compounds, since water 
is very common and it can be present in many different applications [86]. One big family 
of water stable MOFs are ZIFs (Zeolitic Imidazolate Frameworks). They are three-
dimensional structures composed of tetrahedral metal ions connected to imidazolate, 
forming a Metal-Imidazolate-Metal (M-Im-M) chain [117,118]. These compounds are 
called zeolitic because their geometrical structure is similar to a zeolite. One of the most 
studied ZIFs is ZIF-8, probably due to its high chemical and thermal stability [118]. In 
addition, it is one of the few MOFs already industrialised and used in real applications 
[93]. It has a sodalite topology (SOD), shown in Figure 2.8. ZIF-8 possesses pores with a 
diameter of 11.6 Å, connected through small 6-ring aperture with diameter of 3.4 Å [119]. 
Its remarkable hydrothermal stability seems to be explained by the hydrophobic pore and 
surface structure of ZIFs, and the strong bond between the Im and the Zn(II) [119]. 
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Figure 2.8. (a) Representation of sodalite topology: in ZIF-8 each corner is formed by the metallic 
tetrahedra. From Ch. Baerlocher and L.B. McCusker, Database of Zeolite Structures: 
http://www.iza-structure.org/databases/. (b) Crystal structure of sod-ZIF-8. The metallic tetrahedra 
are connected through the imidazolate group. Adapted and reprinted from [118]. Copyright (2014), 
with permission from Royal Society of Chemistry. The white circle in (a) and the black circle in (b) 
represents the same portion of crystal. 
As already mentioned, many works in the literature have studied ZIF-8, especially its 
synthesis. Table 2.2 summarises the evolution of ZIF-8 synthesis during these last decades, 
starting from the first solvothermal reaction by Park et al. [119] until the hydrothermal 
synthesis proposed by Pan et al. [120]. The first route proposed (classic route) uses 
Dimethylformamide (DMF) as solvent, which is very toxic and requires high temperature 
conditions over a long time. Therefore, other authors started proposing alternatives, such 
as different solvents, different reagents, addition of stabilisers, modulating ligand for 
improving the structure. Currently ZIF-8 can be produced in different organic solvents, 
such as methanol [121–124] or isopropyl alcohol [125]. One specific study [126] focused on 
the effects of using different solvents (aliphatic alcohols, water, DMF and acetone), fixing 
the reagents and their concentrations. It has been concluded that the solvent acts as a 
structure direct agent because it can change crystallisation rates, crystal size and extent of 
agglomeration of the final product. Finally, additives [122] and modulating ligands 
[123,124] have shown to be able to control size and shape of the final crystals.  
Water has been considered as one of the main choices because of its economic and 
environmental advantages, since organic solvents are usually expensive and hazardous 
for the environment [120]. However, the first successful hydrothermal synthesis used a 
very large excess of ligand, with molar proportion metal : ligand = 1 : 70 [120]. The product 
obtained had high yield (~ 80%), good thermal and chemical stability and high 
  Literature review 
29 
crystallinity, but the quantity of organic linker was too high, making the synthesis 
uneconomical. Therefore, other studies have focused on lowering the quantity of ligand 
used. For example, Gross et al. [127] proposed the addition of trimethylamine (TEA), 
studying a range of molar ratios (see Table 2.2). TEA was added because it has been 
previously shown to increase the nucleation rate for other ZIFs [128,129]. However, the 
synthesised nanoparticles had non-uniform sizes and shapes, together with low thermal 
stability, BET area and microporous volume. Other authors specifically studied the effect 
of changing the molar ratio of reagents and solvent. Tanaka et al. [130] focused on the 
quantity of ligand by varying its molar ratio Metal/Ligand from 4 to 100. No ZIF-8 was 
obtained with ratios lower than 40. Increasing from 40 to 100, the crystal size decreased 
form 3.40 µm up to 0.32 µm and the BET area increased from 1520 m2/g up to 1600 m2/g, 
while the microporous volume and the thermal stability did not differ much. Furthermore, 
Kida et al. [131] studied the influence of water content and reaction time. Keeping the 
ligand-metal ratio constant at 1:20, lowering the water molar proportion from 2228 to 450, 
improved the crystallinity of the material, the BET surface area and the microporous 
volume. This is because increasing the quantity of water in the solution encourages the 
hydrolysis of zinc ions, which is an unwanted side reaction. Finally, for a given molar ratio 
of Zn : Hmim : water = 1 : 60 : 2228, a minimum reaction time of 5 min is necessary to yield 
good crystallinity, but a minimum of 20 min is needed to maximise the BET surface area 
and microporous volume. 
 
  
Table 2.2. Comparison of different synthesis methods for producing ZIF-8. 
AUTHORS REAGENTS (a) SOLVENT T [°C] TIME YIELD XRD TGA SIZE BET SURF. 
AREA 
[m2/g] 
MICROP. 
VOLUME 
[cm3/g] 
Park et al. 
[119] 
- Zn(NO3)2·4H2O 
- Hmim (b) 
- Stoichiometric defect of 
ligand 
DMF 140 24 hr 25% based 
on ligand 
17% based 
on metal 
Agree with 
simulated 
pattern 
Stable up to 
~ 500°C in 
nitrogen 
Not 
measured 
1630 0.636 
Cravillon 
et al. [121] 
- Zn(NO3)2·6H2O 
- Hmim (b) 
- Molar ratio = 1 : 8 
Methanol Room 
T 
1 hr 50 % 
based on 
metal 
Agree with 
simulated 
pattern 
Stable up to 
~ 200°C in 
air 
Average 
crystal size = 
49 nm 
962 0.36 
Nune et al. 
[122] 
- Zn(NO3)2·6H2O 
- Hmim (b) 
- Molar ratio = 1 : 8 
- Poly(diallyldimethyl-
ammonium chloride) 
solution as stabiliser 
Methanol Room 
T 
24 hr Not 
specified 
Agree with 
simulated 
pattern 
Stable up to 
~ 400°C 
Average 
crystal size = 
57 nm 
1264 0.51 
Cravillon 
et al. 
[123,124]  
- Zn(NO3)2·6H2O/ZnCl2 
- Hmim (b) 
- Molar ratio = 1 : 2/4 
- Sodium formate/1-
methylimidazole/ n-
Butylamine as 
modulating ligand 
Methanol Room 
T / 
120-
140°C 
24 hr 63% based 
on metal 
Agree with 
simulated 
pattern 
Stable up to 
~ 300°C in 
air 
Average 
crystal size = 
10 nm – 1 µm 
/ up to 180 
µm  
1617 Not 
specified 
Bennett et 
al. [125] 
- Zn(NO3)2·6H2O 
- 4-methyl-5-
nitroimidazole 
- Molar ratio = 1 : 2.5 
Isopropyl alcohol 100°C 48 hr 22% Agree with 
simulated 
pattern 
Stable up to 
~ 375°C in 
air 
Average 
crystal size = 
120 nm 
520 Not 
specified 
 
  
AUTHORS REAGENTS (a) SOLVENT T [°C] TIME YIELD XRD TGA SIZE BET SURF. 
AREA 
[m2/g] 
MICROP. 
VOLUME 
[cm3/g] 
Pan et al. 
[120] 
- Zn(NO3)2·6H2O 
- Hmim (b) 
- Molar ratio = 1 : 70 
:1238 
Deionized water  Room 
T 
5 min ~ 80% 
based on 
metal 
Agree with 
simulated 
pattern 
Stable up to 
~ 500°C in 
helium 
Average 
crystal size = 
85 nm 
1079 0.31 
Gross et al. 
[127] 
- Zn(NO3)2·6H2O 
- Hmim 
- Molar ratio = 1 : 4/8/16 : 
2255 
Deionized water 
and TEA  
Room 
T 
10 
min 
68% - 
101% 
based on 
metal 
Agree with 
simulated 
pattern 
Stable up to 
~ 400°C in 
air 
Average 
crystal size = 
60 nm 
528 - 811 0.21 - 0.32 
 
Tanaka et 
al. [130] 
- Zn(NO3)2·6H2O 
- Hmim (b) 
- Molar ratio = 1 : 4 up to 
100 : 2228 
Deionized water Room 
T 
24 hr Not 
specified 
Agree with 
simulated 
pattern for 
molar ratio 1 : 
40 up to 100 : 
2228 
Stable up to 
~ 250°C 
Average 
crystal size = 
0.32 – 3.4 µm 
1520 - 1600 0.64 – 0.66 
Kida et al. 
[131] 
- Zn(NO3)2·6H2O 
- Hmim (b) 
- Molar ratio = 1 : 20 up 
to 100 : 450 up to 2228 
Deionized water Room 
T 
5 min 
– 24 
hr 
82.8 – 
117.4 % 
based on 
metal 
Depends on 
the quantity of 
Hmim and 
water 
Stable up to 
~ 250°C 
Average 
crystal size = 
0.25 – 1.91 
µm for molar 
ratio 1 : 40 up 
to 100 : 2228 
1480 -1600 0.61 – 0.66 
 
(a) Molar ratio is considered as metal : ligand : solvent. 
(b) Hmim = 2-Methylimidazole 
 
 
Chapter 2 
32 
The addition of ammonium to a water based reaction has also been explored by some 
authors [132–134]. Ammonium hydroxide essentially increases the pH and subsequently 
the deprotonation of the ligand, affecting positively the nucleation rate [132–134]. He et al. 
[134] clearly showed this effect by changing the quantity of ammonium hydroxide in the 
precursor solution and, when the pH was more acid, a dense non-porous phase was 
formed instead. The influence of pH during the reaction has been shown also by other 
works [130,131,135]. Basic conditions above the dissociation constant are necessary for 
deprotonation, with a subsequent decrease in the pH along the reaction, also important 
for promoting the crystallisation of the framework. 
2.4.2.1 Mechanism of ZIF-8 formation: hypothesis 
The mechanism of ZIF-8 synthesis is still unclear. However, some hypotheses have 
been proposed during the last decade. For water based reaction [130,131] a first step of 
deprotonation of the ligand has been assumed, which can happen only if the pH is enough 
basic. It is known that in water a large excess of ligand (> 1 : 20) is usually required, and 
this is because the deprotonation extent is lower with respect to the other solvents. Then, 
the second step is the coordination with the metal ions. Tanaka et al. [130] explained that 
the crystal size decreases when high concentration of ligand is used because the number 
of nucleation centres increases. Furthermore, the basic pH increases the electrostatic 
repulsive interactions between negatively charged nuclei, inhibiting the coagulation 
among particles, i.e. inhibiting the growth. 
Finally, another proposed mechanism for water-based synthesis includes hydrolysis, 
together with coordination and deprotonation, as it can be seen in Figure 2.9. Since Hmim 
cannot deprotonate in water if the pH is not high enough, at the beginning of the reaction 
most of the ligand takes part in the hydrolysis step and an equilibrium is established. Then, 
the zinc starts coordinating with the part of the ligand already deprotonated and the 
hydrolysis equilibrium is pushed towards the left-hand side, consequently promoting 
deprotonation and coordination. 
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Figure 2.9. Proposed mechanism for the formation of ZIF-8. Reprinted from [136]. Copyright (2015), 
with permission from Royal Society of Chemistry. 
Hypothesis have also been done for the structural evolution of the framework along 
the time. Venna et al. [135] studied the ZIF-8 transformations during a synthesis in 
methanol, using XRD, SEM, TEM and nitrogen adsorption-desorption isotherms. They 
concluded that at the beginning a gel is formed in the system, from where tiny crystals of 
ZIF-8 start growing. ZIF-8 and the metastable phase coexist until a fully crystalline ZIF-8 
is formed, at the expense of the metastable part. Subsequently, the crystals formed start 
growing via Ostwald ripening, for attaining a lower energy state. Another group [137] 
managed to observe the growth of ZIF-8 in DMF using the Atomic Force Microscopy 
(AFM). They could detect a process of surface nucleation and a Birth and Spread growth 
mechanism of metastable species, which eventually form a stable surface. The growth 
revealed to be the addition of monomeric MeIm- and solvated Zn2+ species, confirmed also 
by other works [138,139]. Furthermore, they concluded that the presence of non-
framework species (e.g. solvent, metastable species) is essential for the structural 
formation of ZIF-8, because they create bridges among the pores during the growth, 
increasing the whole stability of the framework. Finally, the in-situ monitoring of ZIF-8 
synthesis produced in a mixture of water and methanol [140] showed the simultaneous 
presence of higher ordered clusters and an amorphous intermediate. This intermediate is 
a chaotic aggregate resembling the final ZIF-8, and it contributes to the framework 
development. 
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2.4.2.2 Sonocrystallisation of ZIF-8 
The use of US during the synthesis has been explored for ZIF-8, giving some promising 
results, even if the studies are limited. In the first work about this new route of Seoane et 
al. [116], ZIF-8 was synthesised in DMF using an ultrasonic bath (47 kHz and 110 W) at 
45°C and varying reaction time (4 – 9 hr), with molar proportion metal : ligand = 1 : 2. The 
yield obtained was less than 5.6% based on the ligand (48.4% with classical route), but the 
whole reaction was much quicker (6 – 9 hr) compared to the conventional synthesis (24 
hr), and the crystals obtained were of high crystallinity. In addition, the particles obtained 
with US were smaller (0.18 µm vs 14 µm in conventional synthesis), with a narrower size 
distribution. Another work [141] used an ultrasonic horn (20 kHz), and reported that 1 hr 
sonication reduced the crystals size by 400 times compared to the crystals synthesised 
under conventional method in 24 hr. Furthermore, with the same sonochemical treatment, 
the pH was varied by adjusting different amounts of TEA and NaOH and it was observed 
that a pH around 9 could increase the yield up to 93 - 96%, with good textural properties 
(BET area around 1200 m2/g). Another study [142] showed that ZIF-8 formed under 
sonication (molar ratio 1 : 1, ultrasonic bath 40 kHz, 100 W, 2 min sonication) had both 
micro and mesopores, instead of only micropores. The possibility of creating hierarchically 
porous frameworks can be of great interest, for example, in energy storage (capacitors, 
batteries, sensors etc.). Finally, a work by Thompson et al. [143] showed the effects of 
sonication through a horn for 10 min of ZIF-8 nanoparticles, previously made by a 
solvothermal synthesis in methanol. Phenomena of Ostwald ripening have been 
identified, causing an increase of the crystal size. In addition, surface defects have been 
showed, even if crystallinity and microporous volume did not decrease significantly. 
It is important to observe that, to the best of the author’s knowledge, there are 
currently no studies on sonocrystallisation of ZIF-8 in water. As already explained, the 
possibility of using water instead of other solvents can be economically and 
environmentally convenient, but crystals produced by hydrothermal synthesis do not 
seem to have the same high quality of ZIF-8 obtained by solvothermal route. Considering 
the effects of US on MOFs reactions presented in Section 2.4.1, it is logical to assume that 
sonication can improve both the process and the product obtained. Nevertheless, it is 
worth emphasising that so far the effects of sonocrystallisation on MOFs are still 
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contradictory, as it seems to depend a lot on the system considered. General conclusions 
have not been reached, therefore it is not possible to predict the influence of sonication on 
any system. A study on the sonocrystallisation of ZIF-8 synthesised in water can therefore 
be of great interest, not only from the industrial point of view, but also for scientific 
knowledge. 
2.5 Sonocrystallisation Mechanisms 
It was in the 1950s and 1970s in the former Soviet Union that the possibility of using 
US to obtain smaller and more uniform size crystals was demonstrated [7–9]. During the 
following years, many studies were carried out to further show the benefits of 
sonocrystallisation: higher crystal purity, improved product homogeneity, faster 
crystallisation time, preferential polymorph formation and better process repeatability 
[11,12,15,18,20,21,144–157]. However, some studies have shown exceptions with opposite 
results [27,28]. 
Although the effects of US on crystallisation have been widely studied, there is still no 
consensus on the fundamental mechanism of US action on the crystallisation process. This 
is largely due to the short time scales (down to picoseconds [38,158]) and lengths (down 
to nm) in which crystallisation and cavitation occur. Therefore, the majority of studies 
attempt to probe the mechanism by measuring bulk properties or analysing the 
phenomena at macroscale. This often leads to ambiguous results because the instruments 
used are not designed for monitoring extremely rapid phenomena [144,159]. In addition, 
US is very sensitive to the process conditions that can interfere and alter the pressure wave 
field, i.e. reactor geometry, material of the reactor wall, height of the liquid, dissolved gas 
concentration, temperature and presence of surface-active agents or solids in the system 
[53,54,160,161]. Crystallisation itself is also very sensitive to process conditions. Due to the 
dependence on so many process parameters such as temperature, solute concentration, 
mixing and impurities, it is often very difficult to totally replicate a sonocrystallisation 
system in different laboratories. This is further complicated by the variation in sonication 
parameters being studied and reported: frequency, power, type of transducer (horn and 
plate) and sonication time, making it difficult to compare between different studies. 
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It is possible that the intense mixing induced by US increases the opportunity of 
collisions of solute molecules, and allows them to penetrate the stagnant film adjacent to 
the crystal and “jump” into the crystal lattice more easily. However, the effects of mixing 
are different from the effects induced by US, with the crystals obtained under sonicated 
conditions being superior in terms of uniformity with respect to size and shape [10,20,25]. 
As it is shown in Figure 2.10, crystals obtained with sonication are more regular, and no 
agglomeration has been detected. 
 
Figure 2.10. Sodium chloride crystals made in anti-solvent crystallisation, comparing effect of 
mixing speed (top) and sonication under different frequencies (bottom). The white bar in each 
image indicates 20 μm. Reprinted from [20], Copyright (2014), with permission from Elsevier. 
The mechanisms behind sonocrystallisation are still debated and finding a univocal 
conclusion appears to be difficult. Nevertheless, various fundamental mechanisms behind 
this phenomenon have been suggested and are summarised in the following sections. The 
theories have been grouped based on which crystallisation step is affected, which are 
Primary and Secondary Nucleation, and Growth and Fragmentation. For Primary 
Nucleation, Homogeneous and Heterogeneous nucleation have been split, listing the 
effects on the Supersaturation Ratio, on clusters formation, on the Critical Free Energy and 
on the Mass Diffusion, as part of the Homogenous Nucleation. The review then moves to 
the Secondary Nucleation and Growth. For this last section, Sonofragmentation, 
Deagglomeration and Crystal agglomeration phenomena are described. 
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2.5.1 Primary Nucleation: Homogeneous Nucleation 
2.5.1.1 Supersaturation ratio under extreme bubble pressure and temperature 
Solubility usually increases with temperature; therefore, the influence of US on 
crystallisation is counter-intuitive as the high temperatures generated inside the bubble 
would lead to a decrease in the supersaturation. The increase in solubility of solutes by US 
have been reported for sodium sulphide and calcium citrate [162], where sonication under 
isothermal conditions resulted in a 1.4 fold increase in the solubility concentration 
compared to the equilibrium saturation values. On the other hand, it is also true that the 
high pressure generated by cavitation bubbles can enhance the solidification of solutes and 
improve crystallisation processes. This was observed both for the crystallisation of K2SO4 
[23], for which the solute’s solubility increases with pressure, and for ZnSO4 · 7H2O [163], 
for which the solubility is independent of pressure instead, suggesting that pressure alone 
is inadequate to explain the observed sonocrystallisation effects. It is important to 
underline that bulk temperature and pressure of a system do not change dramatically 
during sonocrystallisation, and that the localised extreme conditions occur in a time scale 
of picoseconds during the bubble collapse phase, near the minimum bubble size [164]. 
Although extreme temperatures can be reached inside a collapsing bubble, very rapid 
undercooling of the adjacent liquid during bubble collapse can also occur, and this can 
enhance nucleation. The undercooling is attributed to the evaporation of solvent from 
bubble surface towards the core as the bubble expands, thereby filling the cavity with 
vapour and cooling the liquid on the surface at the same time [165]. Although cooling rates 
of the order 107-1010 K/s were reported [16], studies showed that the solvent evaporation 
does not change the temperature enough for inducing nucleation [166], nor does it alter 
the supersaturation degree at the interfacial area [167]. However, the hypothesis of a 
metastable state of subcooling in the liquid near the bubble wall during the final stages of 
bubble collapse was considered by Hickling and co-workers [168,169]. During this 
metastable state a transient, high-pressure solidification can occur, initiating the 
crystallisation. 
Some authors have found that nucleation occurs during the bubble collapse, and not 
during the growth of a cavity. Hunt and Jackson [166] attributed this to the effect of 
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pressure on the solute’s melting temperature. As the pressure alternates locally between 
large positive and large negative values, the melting temperature can also change and 
induce crystal nucleation once the system temperature coincides with it [168,170]. 
However, this theory does not consider the possible dissolution of the solid once it is 
formed. Furthermore, numerical simulations of cavitation did not show any negative 
change in pressure being induced in the liquid immediately outside the bubbles after the 
collapse [26,171], nor further away from the bubbles [170]. 
It is important to underline that the major problem is the difficulties associated with 
direct measurement of the rapid and localised increase in temperature and pressure 
during the bubble collapse. This makes the understanding of the effects even more cryptic. 
Attempt to indirectly measure experimentally temperature and pressure of the gas inside 
a cavitating bubble has been done by Suslick et al. through kinetic measurements and 
sonoluminescence spectra [42,44,172,173]. For a multi bubble system a temperature 
around 5000 K and a minimum pressure of 30 MPa have been detected in a solution of 
Cr(CO)6 in silicone oil saturated with argon [42,44]. However, experimental report of the 
temperature and pressure on the liquid side immediately adjacent to the bubble remains 
unknown. Through simulation, Cogné et al. [26] calculated the local and surrounding 
temperature and pressure of liquid water with air bubbles, before and after the bubble 
collapse at 29 kHz. The results showed that, immediately after the collapse, the liquid 
around the collapsed bubble can reach up to 650 K and a pressure of more than 10 GPa 
(Figure 2.11). Since it was observed that the temperature is quicker to return to ambient 
conditions than pressure after the collapse, it means that there is a region around the 
bubble that is at room temperature but high pressure. Therefore, in this region the 
conditions could be suitable for initiating crystallisation. 
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Figure 2.11. Liquid pressure (top) and temperature (bottom) around the bubble immediately after 
the collapse, when 29 kHz is applied to the system. R0 is the initial bubble radius before the collapse. 
Reprinted from [26] Copyright (2016), with permission from Elsevier. 
The first attempt made to numerically correlate the collapse pressure of cavitation 
bubbles with crystal nucleation rate has been done in 2006 by Virone et al. [159]. A 
theoretical model was developed to calculate both the pressure peak upon bubble collapse 
and the crystal nucleation rate. The model can calculate the pressure peak upon bubble 
collapse and it correlates with the nucleation rate. From the nucleation rate it is possible to 
calculate the induction time, which is usually measured in crystallisation experiments. 
However, although a reduction in the induction time with sonication was calculated by 
the model, when comparing to that measured from the experiments, there is a difference 
of 5 orders of magnitude. Nevertheless, the developed model would be helpful to 
understand whether the application of US would be useful for a specific system, since a 
clear reduction on the induction time with sonication can be calculated. 
2.5.1.2 Crystal clusters formation under acoustic pressure gradients 
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(Segregation theory) 
A group of researchers [163,174–176] developed a Segregation theory based on the 
“pressure diffusion” phenomenon. It is a mechanical effect, usually caused by high 
pressure-gradients and it is the basis of ultracentrifugation, used for separating particles 
from a fluid. It can be explained considering a flowing fluid containing particles of 
different sizes and higher density than the fluid. As long as the fluid flows at constant 
velocity, the relative velocity of the particles respect to the fluid becomes zero due to 
viscous friction phenomena. Whenever a difference in pressure is induced, the fluid will 
stop flowing. The larger and heavier particles will keep their inertia, acquiring a positive 
drift velocity respect to the fluid and causing a nonzero molecular flux of particles. On the 
other hand, the smaller and lighter particles will have a near-zero movement because their 
buoyancy force will be higher than their inertia, so an opposite effect is obtained. The final 
effect is segregation of particles basing on their size. In the case of acoustic cavitation, high 
pressure differences are induced in the solution adjacent to the bubble surface. Therefore 
it is possible that a segregation phenomenon takes place among the solute molecules 
present in the solution [175]. It was shown theoretically [176] that pressure gradients 
generated by an oscillating bubble could allow small solute molecules to build up adjacent 
to an oscillating bubble wall. These solutes can then cluster and reach the critical cluster 
size necessary for spontaneous crystal nucleation, resulting in the observed 
sonocrystallisation. When the solute clusters reach a large enough size, they are then 
pushed away from the oscillating bubble and into the bulk phase (Figure 2.12). 
Therefore, US seems to be responsible for segregating particles of different sizes, 
resulting in a balance between agglomeration of the clusters and removal of the crystals 
formed with their final size from the bubble. As a consequence, crystallisation is enhanced 
and more controlled due to the action of the pressure induced by cavitation bubbles. The 
Segregation Theory was introduced to better explain the complex mechanisms behind the 
application of US in crystallisation. Modelling experimental data showed the over-
concentration of clusters around the critical nucleus of collapsing bubbles, but the theory 
still remains semi-quantitative [163]. 
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Figure 2.12. Diagram of Segregation Theory. When sonication is applied to a starting solution 
containing solute molecules, the small solute molecules are not segregated by the cavitating bubbles 
due to their low-density and accumulate close to the bubble wall. The accumulation of the solute 
molecules at the bubble wall then increases the probability of solute molecules clustering and 
increase in cluster size. Once the cluster size or mass are sufficiently large, they are expelled or 
segregated from the cavitating bubble zone and into the bulk solution. 
2.5.1.3 Critical Free Energy barrier and Mass Diffusion in ultrasound 
Considering equation 2.7, there are two main terms on which US could act: the overall 
critical free energy and the pre-exponential factor. Some studies showed that sonication 
can provide the energy (ΔGcrit) needed to overcome the critical energetic barrier required 
for spontaneous nucleation to occur [28,80,147,177]. Indeed, the critical free energy 
required for starting nucleation is in the order of 10-20 J [57] and the energy produced by a 
collapsing bubble has been calculated to be in the order of 10-3 J [178]. This means that US 
could potentially give more than enough energy to the system for inducing crystallisation. 
A 2006 study looked into the existence of a relationship between the minimum amount 
of US energy supplied to the system and the supersaturation ratio for nucleation [147,177]. 
It was observed that for the cooling crystallisation of acetylsalicylic acid at low US power, 
an increase in particle size was detected as a function of irradiation time. With increasing 
power, the average particle size decreased with irradiation time, as commonly observed 
in many other systems [177]. If the supersaturation ratio is decreased, higher power was 
required to cause the same decrease in particle size. It was concluded that there is a 
relationship between the energy required to form stable nuclei (which depends on the 
supersaturation ratio), and the energy required to produce a higher number of crystals 
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than in silent conditions [147,177]. As a consequence of this, there are saturation regions 
in which US can activate the primary nucleation and others in which it inhibits the process 
[147]. A physical mechanism that can explain the inhibition has not been presented. One 
possible theory is related to the US breakage of the primary nuclei formed in the system. 
Sonication is known to cause fragmentation and erosion (discussed in Section 2.5.4.1). 
Therefore, US could break the nuclei that have reached the critical size and the eroded 
nuclei, now smaller than the critical size, will tend to dissolve (Figure 2.4). Hence, 
nucleation would be inhibited by sonication due to the breakage of crystals. 
In another study on ice nucleation in a single bubble system, it was concluded that a 
minimum acoustic pressure of about 0.6 bar was required to initiate crystallisation, i.e. a 
minimum energy for crystallisation was required [179]. In addition, images captured 
showed that ice nucleation does not always occur after only one acoustic cycle. Hence it is 
possible that a continuously oscillating bubble is required for crystallisation, another 
demonstration that a minimum energy level given by the multiple oscillations should be 
reached for initiating crystallisation [180]. 
US also influences polymorphism, which can be related to the amount of energy 
supplied to the system. The formation of polymorphs is mainly regulated by the 
thermodynamics, and for each system studied the more stable polymorph is the one with 
the lower free energy at a given temperature [2]. Even if one polymorph is kinetically 
promoted, but not thermodynamically stable, it will most probably transform into another 
polymorph with a lower free energy. US can effectively promote polymorphs that are not 
usually stable at the specific temperature of crystallisation. For example, the β-form of p-
Aminobenzoic Acid was produced with a 20 kHz horn at a temperature in which this 
polymorph is metastable [181]. Similarly the α-form of glycine, increased in purity when 
sonicated with an US horn [182]. In addition, different combinations of US intensities, 
sonication times and temperature produced different proportions of the three main 
polymorphs of calcium carbonate: vaterite, calcite and aragonite [183]. Finally, a 
systematic study on the anti-solvent crystallisation of paracetamol showed that with a 
plate transducer whether an increase on frequency up to 98 kHz or an increment of the 
acoustic power can enhance the production of form II [21]. Although the exact explanation 
behind these effects is still not available, it is certain that US can effectively alter the energy 
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of the system, promoting polymorphs that are usually energetically unstable or metastable 
in silent conditions. 
Alternatively, sonication can affect the pre-exponential factor A in eq. 2.1.2 through 
the enhancement of the mass diffusion in the system. In a study on the anti-solvent 
crystallisation of roxithromycin [18], Guo et al. measured the variation of the induction 
time in function of the supersaturation ratio. Fitting the experimental data and assuming 
that the surface tension does not change in the presence of US, a 3.82-fold increase in the 
diffusion coefficient was calculated when the system was sonicated, demonstrating that 
the mass transfer was effectively improved. Interestingly, this study showed that 
homogenous nucleation was detected with and without US, therefore excluding the 
possibility of sonication changing the nucleation mechanism from heterogeneous to 
homogeneous. 
The homogenous nucleation theory is controversial as in practice it is very difficult to 
have homogenous nucleation since almost all systems are contaminated by impurities 
[2,10]. In 1963 an attempt of explaining how US can induce homogenous nucleation 
introduced the concept of “micro-inhomogeneity” [184]. It was hypothesised that a system 
could be considered homogenous from the macroscopic point of view, but could have 
micro-inhomogeneity responsible for inducing nucleation [184]. Sonication could then 
redistribute the micronuclei and change the probability of spontaneous nucleation [184]. 
The introduction of the concept of micro-inhomogeneities in the system clearly shows the 
fragility of the homogeneous theory for US-induced nucleation. 
2.5.2 Primary Nucleation: Heterogeneous nucleation 
Another theory is based on the idea that US can change the nucleation path from 
homogenous to heterogeneous. This mechanism is considered by many authors because 
heterogeneous nucleation occurs in the presence of phase boundaries. Reactor surfaces 
and impurities decrease the effective surface energy for crystal nucleation [10] and lower 
the activated energy barrier for nucleation compared to a homogeneous nucleation, 
increasing the nucleation rate (see equation 2.7). Therefore, the dramatic decrease in the 
observed induction time when the system is sonicated could be attributed to the cavitation 
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bubble surfaces acting as nucleation sites by decreasing the effective surface energy, 
causing the nucleation rate to increase. 
One of the first studies made in this context was by Hem [154], who showed that the 
crystallisation temperature in a cooling crystallisation decreases as the number of foreign 
particles in the solution is reduced, both in silent and sonicated conditions (20 kHz). 
Similarly, an increase of US power decreased the apparent order of nucleation by lowering 
the activation energy, thus allowing crystallisation to occur at a higher temperature [23]. 
Modelling of US-induced cooling crystallisation has confirmed this by comparing 
simulation results to experimental data [185]. 
The heterogeneous nucleation mechanism suggests that active cavitation bubbles are 
not necessary for sonocrystallisation, since the presence of non cavitating bubbles in the 
system can enhance nucleation [186,187]. For example, in a cooling crystallisation of 
supercooled water,  the degree of supercooling was higher when the conditions allowed 
to have a higher content of bubble nuclei dissolved in the water [188]. Another work on 
the cooling crystallisation of dodecandioc acid (DDDA) by Wohlgemuth [167] has shown 
that gassing the system with air bubbles can reduce the MSZW and increase the amount 
of smaller crystals, with bimodal PSD. For the anti-solvent crystallisation of NaCl in EtOH, 
the average crystal size was 7 µm after 1 min of N2 gassing, compared to 13 µm obtained 
without the addition of N2 minute bubbles for the same crystallisation time [189]. Finally, 
for the anti-solvent sonocrystallisation of KCl (20 kHz, 500 W), argon was injected 
simultaneously with sonication [25]. The results showed that, respect to the sole 
sonication, the addition of argon to sonocrystallisation increased the number of nuclei 
since both cavitation activity and convection were enhanced, but the growth rate was not 
affected, resulting in smaller and more homogenous crystals. A control study on the 
system has also been done with mechanical stirring: in this case the PSD obtained is very 
similar to the one obtained with sonication only. In addition, both nucleation and growth 
rate calculated with mixing are of the same order of magnitude of the ones estimated in 
case of US. 
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2.5.3 Secondary Nucleation 
US-induced secondary nucleation is based on the idea that sonication causes erosion 
or abrasion of existing crystals [190]. These phenomena can be responsible for the 
formation of clusters and new nuclei, as it is shown in Figure 2.13. Hem [154] in 1967 
reported that for the cooling crystallisation of hydrocortisone, sonication at 20 kHz did not 
initiate crystallisation above the temperature required under silent conditions, concluding 
that sonication does not trigger nucleation. The decrease in the final crystal size and the 
increase on crystal number in sonicated conditions was therefore attributed to erosion, 
shattering and disruption of crystal nuclei, which normally appear in a solution [154]. 
Similarly, Gielen et al. [24] found a reduction in the crystal size was only obtained if US 
was applied after induction time and not before, therefore suggesting that US enhanced 
secondary nucleation by disaggregation or sonofragmentation of existing crystals. In 
addition, for calcium carbonate precipitation, the main influence of US on the PSD was 
during the early growth step, immediately after the nucleation, suggesting that the 
formation of smaller crystals is related to deagglomeration phenomena on the primary 
clusters [191]. Finally, deagglomeration of clusters was captured via a high-speed camera 
where images clearly showed the breakage of clusters from bubble oscillations [192,193]. 
 
 
Figure 2.13. Schematic representation of Secondary nucleation in presence of a bubble collapsing. 
Starting from the initial crystal, clusters and nuclei are formed. 
2.5.4 Growth and Fragmentation 
2.5.4.1 Sonofragmentation 
The physical effects created by the inertial bubble collapse can cause fragmentation or 
erosion of the already formed crystals, known as sonofragmentation [194–207]. This would 
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reduce the crystal size produced from a top down approach, therefore influencing the final 
size of the crystals through breakage and erosion phenomena, as it is shown in Figure 
2.14a. 
 
Figure 2.14. Diagram representing the different ways in which sonication can affect the crystal 
growth: (a) sono-fragmentation, (b) sono-deagglomeration and (c) sono-agglomeration. 
In several reported studies, US seems to enhance the inter-particle collisions, 
considered as the origin of the observed metallic particle fragmentation [194,200–202,204] 
and attributed to the turbulent flow and shock waves generated by the US field. However, 
this inter-particle collision does not explain the observed fragmentation rate of molecular 
crystals, which have different physical properties compared to metallic crystals (e.g. 
density, tensile strength, friability) [206]. Zeiger et al. [206] isolated the different types of 
collisions (inter-particles, particle-transducer, particle-wall and particle-shockwave 
collisions) using a molecular crystal, acetylsalicylic acid, concluding that the primary 
mechanism for fragmentation under high intensity sonication was particle-shockwave 
interactions [206]. 
Sonofragmentation was analysed in detail by Jordens et al. [197], where the final 
crystal size of paracetamol crystals were analysed after 3 h sonication at different 
frequencies (30-1140 kHz) and powers (10-30 W). It was observed that the decrease in the 
particle size essentially depends on the type of bubbles that are generated by US in the 
system. For frequencies with predominant stable cavitation (41kHz - 1.14 MHz) the 
particle breakage reaches a minimum size threshold with increasing power, i.e. further 
increase power had very little effect on decreasing the particle size. The authors attributed 
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this to the stable bubbles become larger and long-lived at high power levels, allowing the 
accumulation of a larger amount of gas inside, causing cushioning effects during the 
bubble collapse. Since the collapse strength is limited the crystal breakage is also limited, 
causing a minimum particle size threshold to be reached that is independent of the initial 
crystal size, frequency and power. On the other hand, if transient cavitation was 
predominant (30 kHz), no minimum size threshold was detected and the median particle 
size decreased sharply with increasing power. This was attributed to the lower amount of 
gas being accumulated in the bubbles leading to stronger collapse intensity compared to 
the case of stable cavitation bubbles. In addition, for a fixed calorimetric power, increasing 
frequency decreased the particle size until 166 kHz, and a further increase in frequency 
resulted in no further particle breakage. 
2.5.4.2 Sono-deagglomeration 
The physical effects of US can also deagglomerate crystals that would normally 
agglomerate under silent conditions, shown in Figure 2.14b [193,208–212]. The application 
of US has clearly shown the reduction of agglomeration of crystals, defined as the 
formation of strong bonds among crystals through liquid bridges [208]. Agglomerates are 
very difficult to break, unlike aggregates that are kept together by weak forces between 
the single crystals [208]. Agglomeration is often a disadvantage due to impurities 
entrapped in the liquid bridges, production of fines during the transportation, and lower 
dissolution rate [213]. Sonication is able to keep particles far apart during crystallisation, 
therefore reducing the formation of agglomerates and changing the final size of the 
crystals. 
2.5.4.3 Sono-agglomeration 
Ultrasound has shown to promote the self-attachment of primary particles to form the 
final crystals (Figure 2.14c). For example in the absence of ultrasound 8 h of mechanical 
stirring at 80°C was required for the formation of BaTiO3 crystals, but only 20 min was 
needed at the same temperature with a 20 kHz horn [214]. In the absence of US, crystals 
had irregular morphology and no aggregated structures, however with US the final 
crystals were aggregates of 5–10 nm small nanocrystals (Figure 2.15) [215,216]. Analysis of 
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the particles obtained with sonication revealed a single crystalline structure, i.e. the 
nanocrystals were oriented and attached between specific crystal faces [215]. These 
properties are typical of mesocrystals, aggregation of primary particles with a single-
crystal structure [217]. A numerical simulation of the same system by Yasui et al. showed 
that only primary particles (nuclei) can aggregate with other particles and their attachment 
is so strong that it does not disintegrate with sonication time [218,219]. 
 
Figure 2.15. Images of BaTiO3 mesocrystals from Dang et al., in particular a) SEM image of crystals 
made with US [214] (Copyright 2009 The Japan Society of Applied Physics), b) TEM image of a 
crystal made with US [216] (Copyright 2010 Ultrasonics Sonochemistry), both obtained after 20 min 
of sonication, and c) TEM image of crystal made with mixing [216] (Copyright 2010 Ultrasonics 
Sonochemistry). 
Similarly for antisolvent crystallisation of glycine, Nii et al. [27] reported the growth 
of the glycine crystals as a function of power at 1.6 MHz US, contrary to the size reduction 
observed at 20 kHz. The growth rate was modelled using the hypothesis of incorporation 
of microcrystals similarly to the formation of mesocrystals, and they found good 
agreement between the crystal sizes obtained experimentally and those calculated. This 
incorporation can be interpreted as crystal agglomeration, suggesting that this theory can 
be an adequate explanation behind sonocrystallisation. 
2.5.5 Summary of the mechanisms 
A table summarising the mechanisms proposed is reported in Table 2.3. Each theory 
presented does not necessarily exclude the others: since the phenomena behind this 
process are very complex, it is possible that one mechanism is not enough to explain 
sonocrystallisation. The theories proposed can contradict or support each other. On the 
one hand, US seems to encourage homogeneous nucleation, while on the other hand the 
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experiments show the ability of sonication to change the nucleation path from 
homogeneous to heterogeneous because of the presence of bubbles. On the contrary, some 
commonalities can be detected among deagglomeration, secondary nucleation and 
sonofragmentation. The principle behind the three theories is the same, which is the 
separation of crystals particles or fragments, but they also differ in the specific 
mechanisms. 
 
Table 2.3. Summary of the mechanism proposed in the present review, classified following the 
crystallisation steps. 
CRYSTALLISATION 
STEP 
CRYSTALLISATION 
PARAMETERS EFFECTED BY 
US 
US INDUCED EFFECTS 
Primary Nucleation: 
Homogeneous 
Supersaturation Ratio S Extreme T and P 
Crystal clusters formation Pressure gradient (segregation theory) 
Critical Free Energy ∆𝐺𝑐𝑟𝑖𝑡 Energy supplied by US 
Pre-exponential factor A Increase of the mass diffusion 
Primary Nucleation: 
Heterogeneous 
Interfacial tension γ Bubble surface 
Secondary Nucleation Crystal nuclei formation 
Erosion, shattering and disruption of 
nuclei 
Growth Crystal size 
Sonofragmentation, 
Sono-deagglomeration, 
Sono-agglomeration 
 
Therefore, it is clear why there are currently no definite theory for the observed effects 
from sonocrystallisation. The crystallisation process is complex and has many steps, and 
each step can be influenced in different ways by sonication. The parameters involved, as 
already explained, are many and discrepancies can arise when comparing different 
crystallisation and sonication studies. For example, Nii et al. [27] reported for 1.6 MHz the 
average crystal size increased with increasing the power, contrary to the decrease in crystal 
size that is often reported when more acoustic power is applied to the system [19,21,220–
223]. Similarly, the reduction in induction period with ultrasound is the commonly 
reported observation. However, Kurotani et al. [28] observed an increase of the induction 
period if the ultrasonic energy is below a certain threshold. There needs to be a better 
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understanding of how the sonocrystallisation mechanism could differ under different 
crystallisation processes (i.e. cooling, antisolvent and reactive). 
Another cause of discrepancies in the literature is sonication conditions used. In order 
to compare different sonication studies, it is important to be able to directly quantify the 
cavitation activity via collapse intensity, bubble size and population, but there are 
currently no direct methods available. Therefore, different indirect methods such as 
amplifier and calorimetric power are commonly reported because they are easy to 
quantify, but not always an accurate indication of the cavitation activity. 
Sonoluminescence, sonochemiluminescence, dosimetry and acoustic pressure are better 
methods, but require specialised instrument. This problem is still a main issue for the 
acoustic cavitation community and is also affecting other fields where US is being applied. 
Despite the reported discrepancies, from the reports in the last decade on frequency 
studies, it appears that low frequencies (< 200 kHz) are better at inducing 
sonocrystallisation. For example, stronger reduction in the MSZW in the cooling 
crystallisation of paracetamol were observed at frequencies lower than 165 kHz [224], and 
an evident decrease of the crystal size in the anti-solvent crystallisation of sodium chloride 
at 44 kHz was detected with respect to the other frequencies studied [13]. The reason 
behind this behaviour seems to be related to the transient cavitation [225,226]. In a droplet-
based capillary sonocrystalliser working at 20 kHz, the amount of adipic acid crystals 
produced was correlated with the sonoemulsification (SE) and the 
sonochemiluminescence intensity (SCL) for all the supersaturation ratio investigated 
(S=1.42-2.62) [225]. In addition, the sonoprobe tip was put at different distances from the 
capillary, between 0.7 and 10 mm. An increase in the distance showed a decrease in the 
amount of crystals, in the emulsification and in SCL. Since low frequency is applied, SCL 
is directly linked to transient cavitation bubbles, so results suggested that the transient 
cavitation is the responsible for the observed sonocrystallisation. Similar conclusions have 
been found when different frequencies (42 kHz – 1.09 MHz) were applied, and at the 
highest frequency insufficient crystals were formed for analysis, whereas at 660 kHz the 
average crystal size was higher than at 42 kHz [226]. Therefore, since transient cavitation 
globally decreases when frequency increases, there is a strong link between crystallisation 
and transient cavitation. 
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2.6 Conclusions 
Many sonocrystallisation studies have been reported since the publication of the first 
literature review on sonocrystallisation by Hem in 1967 [10]. Thanks to the huge 
improvement in the technology since the 1980s, both sonication equipment and 
instruments for analysis have progressed to increase the efficiency and accuracy of US 
systems and measurements. Since that first review, the main novelties are the introduction 
of modelling and image capturing as essential tools to combine with the classical 
experiments. However, complete knowledge of the mechanism remains unknown and, 
therefore prevents the optimum use of US for sonocrystallisation, in terms of reactor 
design, energy consumption and product quality. Finding the mechanism governing 
sonocrystallisation seems to become more and more important, since the researchers 
working in the topic are aware of the potential behind sonication. 
The scientific community working on sonocrystallisation is increasing and additional 
work will contribute toward an improved understanding of the phenomena. It is however 
important to pay attention when results obtained from different systems are compared, 
since possible contradictions found can be related to small differences in the equipment 
and crystallisation systems used. 
More systematic studies are needed in order to have a clearer view of the phenomena 
involved. This means choosing a fixed system for crystallisation, using the same 
equipment (amplifier, transducers) and varying systematically frequency, power and 
sonication time. In addition, cavitation activity should be quantified using the techniques 
available (dosimetry, sonoluminescence) to completely characterise the system. Modelling 
and imaging are powerful tools to compliment experimental data. However, current 
modelling is still limited for computing crystallisation and predicting multi-bubbles 
systems, and high-speed imaging requires sophisticated equipment. A multidisciplinary 
approach could be the solution to such complex problem as sonocrystallisation, but a good 
combination of proper equipment and fundamental knowledge are essential for designing 
experiments to unravel the mystery behind sonocrystallisation. 
In the present work, two crystallisation systems have been systematically studied 
using the same ultrasonic equipment. Plate transducers with specific frequencies and 
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powers have been used for the experiments, varying from 98 kHz up to 1 MHz, taking into 
account also the influence of sonication time. As it has been presented in Section 2.2, 
antisolvent and reactive crystallisation are part of the same family of crystallisation 
process, i.e. they are governed by common parameters. However, the large difference 
between the two is the clear presence of chemistry in the case of reactive crystallisation. 
Two specific compounds have been considered, Sodium Chloride for the antisolvent and 
ZIF-8 for the reactive. Both are well-known in the literature, but they still present gaps to 
fill, especially concerning their crystallisation in presence of US. Both the simplicity of 
Sodium Chloride and the complexity of a Metal Organic Framework (ZIF-8) allow the 
study of different aspects of sonocrystallisation, and the comparisons between the results 
obtained could be useful for obtaining general conclusions, which are still missed in the 
literature. 
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Chapter 3  
Materials and Methods 
This chapter summarises materials, methods and set-up used for the experiments 
presented in the thesis. The first section is dedicated to the ultrasound set-up and 
cavitation quantification. After that, materials and methods are reported for the 
antisolvent crystallisation of sodium chloride in ethanol presented in Chapter 4 and 
Chapter 5, and for the reactive synthesis of ZIF-8 of Chapter 6 and Chapter 7. 
3.1 Ultrasound set-up and cavitation quantification 
For both systems studied, the same US set-up has been used. Different transducers 
(Honda Electric, Japan) have been chosen, depending on the frequency considered, all 
with 6 cm diameter. The frequencies used in the study were 98 kHz, 300 kHz and 1 
MHz, selected because they cover a large range of frequencies. The transducers were 
driven by an amplifier (AG1006, T&C Conversion, USA), connected to a Step-Up 
Transformer (SUT) for improving the impedances matching. Amplifier and SUT are 
shown in Figure 3.1a. 
For the two crystallisation systems the reactors were different. For the antisolvent 
crystallisation of sodium chloride, the reactor was a cylindrical glass reactor vessel 
with an internal diameter of 6 cm and height of 11 cm (Figure 3.1b). The vessel was 
directly fitted directly onto to the transducer, where the fluid is in direct contact with 
the transducer. On the other hand, for the crystallisation of ZIF-8 a smaller reactor was 
used to minimise the quantity of reagents required. It consists of a glass vial of 7 cm 
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height and 2.5 cm diameter that is immersed in a Perspex box 12 cm x 12 cm x 15.4 cm 
with the transducer mounted at the bottom (Figure 3.1c). The Perspex box was filled 
with degassed Deionised (DI) water up to ~ 6 cm to ensure that the whole solution in 
the vial was submerged in the water.  Degassed DI water was used to prevent the 
formation of large degassed bubbles that could attenuate the sound field and maximise 
the sound field inside the vial. The vial was kept suspended in the bath using clamps, 
keeping a distance from the transducer to the bottom of the vial of ~ 0.5 cm. In this case 
the sonication is indirect. 
 
Figure 3.1. Set-up used for the sonicated experiments: (a) the amplifier with the SUT for 
matching the impedances, (b) the crystalliser for sodium chloride with the plate transducer 
mounted on the bottom and (c) the reactor for ZIF-8 (glass vial), inside a bath (Plexiglas box) 
with the plate transducer mounted on the bottom of the box. 
Cavitation activity has been measured using different techniques available in the 
literature. First of all, calorimetry has been conducted, since it is the most common 
measure of the cavitation activity. However, considering its limitations due to the fact 
that it principally depends on the heat dissipations in the system, dosimetry and SL 
have also been measured. 
3.1.1 Calorimetry 
Calorimetry was measured with the same set-up used for the experiments, using 
only DI water as liquid with the same weight of the ethanol used for crystallisation. 
This was 150 g DI water for the sodium chloride and 27 g for the ZIF-8 set-up. 
Amplifier powers between 0 and 40 W have been measured. The calorimetric power 
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has been calculated using equation 2.1. The results of the quantification are reported 
in Table 3.1 and in Table 3.2 for the sodium chloride and  ZIF-8 system, respectively. 
Table 3.1. Calorimetric powers measured for three frequencies (98 kHz, 300 kHz and 1 MHz) 
at different amplifier powers for the system used for sodium chloride. Each calorimetric power 
is the average value and the standard deviation of three independent repetitions. 
Amplifier Power [W] Calorimetric Power 
for 98 kHz [W] 
Calorimetric Power 
for 300 kHz [W] 
Calorimetric Power 
for 1 MHz [W] 
1 0.41 ± 0.01 0.67 ± 0.03 0.71 ± 0.01 
5 1.63 ± 0.18 3.36 ± 0.13 3.57 ± 0.06 
10 3.29 ± 0.12 5.25 ± 0.36 6.07 ± 0.15 
20 6.03 ± 0.00 12.54 ± 0.48 13.40 ± 0.13 
 
Table 3.2. Calorimetric powers measured for three frequencies (98 kHz, 300 kHz and 1 MHz) 
at different amplifier powers for the system used for ZIF-8.  
Amplifier power [W] 98 kHz 300 kHz 1 MHz 
10 W 0.06 1.32 0.21 
20 W 0.05 3.24 1.13 
30 W 0.53 5.34 1.96 
40 W 0.55 7.52 2.78 
 
N.B.: the calorimetric quantification of ZIF-8 system has been conducted by Gaëlle Varlet, Erasmus 
student from Universitè de Franche-Comté (Besançon, France), during the academic year 2016/2017. 
 
3.1.2 Dosimetry 
Dosimetry has been measured using a method already presented in the literature 
[227]. This quantification has been conducted for the ZIF-8 system. A solution of 0.1 M 
of KI (> 99%, Fisher Chemical) in DI water was prepared first. After that, 27 ml of the 
solution was injected in the glass vial used as the reactor for the ZIF-8. The solution 
was sonicated for different times up to 15 min. Using a quartz cuvette of 1 cm width, 
a sample of the solution was then analysed with the UV-Vis spectrophotometer 
(Thermo Scientific Evolution 201) at 353 nm for obtaining the concentration of triiodide 
in the system, with an extinction coefficient of 2640 m2/mol. The triiodide formation is 
linear as a function of time, therefore for a given sonication frequency and power, the 
rate of the triiodide formation can be determined from the slope. 
The results are reported in Figure 3.2 and in Figure 3.3, respectively for the sodium 
chloride and the ZIF-8 system, as function of the calorimetric power. In general, the 
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rate of I3- formation increases with the calorimetric power, since the cavitation activity 
increases and more radicals are produced. Furthermore, in both systems the rate of I3- 
formation is higher for 300 kHz than for the other frequencies with similar values of 
calorimetric power, in agreement with previous results where the highest 
concentration of I3- has been found for frequencies between 200 – 500 kHz [50]. It is also 
interesting to notice that, comparing the two systems, the rate of I3- formation for 98 
kHz and 1 MHz is lower for the ZIF-8 than for the sodium chloride system. On the 
contrary, the rate of I3- formation for 300 kHz is a lot higher for the ZIF-8 system than 
for the sodium chloride. This could be related to the different types of reactor used. 
 
Figure 3.2. Results of dosimetry in terms of rate of I3- formation [mol/(L∙min)] as function of 
calorimetric power for the sodium chloride system. The results have been collected by two 
master students (Anna Artemi and Florentia Zorba) during the academic year 2016/2017. 
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Figure 3.3. Results of dosimetry in terms of rate of I3- formation [mol/(L∙min)] as function of 
calorimetric power for the ZIF-8 system. The results have been collected by Gaëlle Varlet, Erasmus 
student from Universitè de Franche-Comté (Besançon, France), during the academic year 2016/2017. 
3.1.3 SL and SCL 
Sonoluminescence (SL) has been investigated for the sodium chloride system. SL 
was captured sonicating 200 ml of DI water in the same glass vessel used for the 
crystallisation experiments. Images were captured with a sonoluminescence camera 
(ANDOR iXon3 EMCCD). Both camera and vessel were placed in a closed dark box to 
avoid the external light to interfere. The samples were pre-sonicated for 60 s and the 
SL was recorded for an exposure time of 5 s. Observation and calculation of the total 
integrated light intensity was performed using the Andor SOLIS software. The total 
intensity is defined as the sum of the intensities of all pixels composing the image, 
respect to the background which picture was taken before each SL image. 
The images obtained and the graph with the values of total intensity as function of 
calorimetric power are reported in Figure 3.4a and b respectively, for the three 
frequencies explored. In the pictures, the succession of pressure nodes and antinodes 
are evident, especially for 98 and 300 kHz. In addition, the intensity of the light 
increases with the calorimetric power for 300 kHz and 1 MHz. However, this trend 
seems to be less evident for 98 kHz. The whole intensity is almost stable varying the 
power, but there are differences in the distribution of the light. At low power there are 
points with more intense light, while at high power the light is more homogeneous 
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along the vessel, forming a standing wave [29]. On the contrary, for 1 MHz a travelling 
wave is dominant, causing the light to be localised close to the liquid surface [29]. 
(a) 
 
(b) 
 
Figure 3.4. SL images for the sodium chloride system, at different frequencies and powers. The 
images were collected by two master students (Anna Artemi and Florentia Zorba) during the 
academic year 2016/2017. The error bars showed in the graph are standard deviations calculated 
from three repetitions for each condition. 
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For the ZIF-8 system it was not possible to capture SL light, probably due to the small 
vial used as reactor. For this reason, SCL has been preferred, with the addition of 
luminol. Therefore, one stock solution of DI water with 1 mM of luminol and 0.1 M of 
NaOH has been prepared and 26.6 g of solution has been injected in the vial. The vial 
has been put inside the Perspex box with degassed water with the same set-up used 
for the experiments for ZIF-8. The samples were pre-sonicated for 5 s and the SCL was 
recorded for an exposure time of 1 s. Images were captured and analysed with the 
same camera and software as per SL. 
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(a) 
 
(b) 
 
Figure 3.5. SCL images for the ZIF-8 system, at different frequencies and powers. The error bars 
showed in the graph are standard deviations calculated from three repetitions for each 
condition. The images were collected by Gaëlle Varlet, Erasmus student from Universitè de Franche-
Comté (Besançon, France), during the academic year 2016/2017. 
The images obtained and the graph of the total intensity as function of the calorimetric 
power are reported in Figure 3.5a and b respectively, for the three frequencies 
explored. It is evident from the pictures, coupled with the previous results about 
dosimetry (Figure 3.3) that the cavitation activity for 98 kHz and 1 MHz is generally 
very low, especially at the lowest power. On the contrary, 300 kHz shows an increase 
in the light intensity increasing the calorimetric power. 
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3.1.4 Segregation Index 
The Segregation Index (SI) is an index of the micromixing level in the system [228]. 
It varies from 0 (perfect micromixing) to 1 (perfect segregation). The methodology used 
for measuring this index has been reported in some papers [228,229] and it has also 
been applied for sonicated systems [20,230]. This index is based on the so called 
Villermaux-Dushman reaction, which consists of two parallel competing reactions: 
H2BO3- + H+  H3BO3 quasi-instantaneous neutralisation reaction 3.1 
5I- + IO3- + 6H+  3I2 + 3H2O very fast reaction 3.2 
In addition, when there is excess of iodide (I-), all iodine is transformed in triiodide, 
following the reaction: 
I- + I2  I3- quasi instantaneous equilibrium 3.3 
The procedure requires the preparation of a mixture of iodate, iodide and borate 
(buffered solution), and the addition of sulfuric acid in stoichiometric deficiency to this 
solution to induce competition between the two reactions. If the system is in perfect 
micromixing conditions, the reaction 3.1 is instantaneous, because there is a good 
dispersion of the acid. On the contrary, if the system is in perfect segregation, the acid 
is not dispersed properly and it forms aggregates. When all the H2BO3- has been 
consumed, reaction 3.2 and 3.3 start forming I3-. Therefore, the measurement of I3- 
concentration gives an indication of the mixing state of the solution. The segregation 
index Xs is defined as: 
 
3.4 
where Y is the ratio of the amount of protons consumed by reaction 3.2 over the total 
amount of protons added to the buffered solutions, YST is s the value of Y in the case of 
total segregation, 𝑉𝑟𝑒𝑎𝑐𝑡𝑜𝑟 is the volume of the reactor, [𝐼2] is the iodine concentration 
(assumed to be zero because all iodine is transformed in triiodide), [𝐼3
−] is the triiodide 
concentration, 𝑉𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛 is the volume of acid injected, [𝐻
+] is the acid concentration, 
𝑋𝑠 =
𝑌
𝑌𝑆𝑇
=
2∗𝑉𝑟𝑒𝑎𝑐𝑡𝑜𝑟 ([𝐼2]+[𝐼3
−])
𝑉𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛([𝐻
+])0
6([𝐼𝑂3
−])0
6([𝐼𝑂3
−])0+ ([𝐻2𝐵𝑂3
−])0
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[𝐼𝑂3
−] is the initial concentration of iodate ions in the buffered solution (0.002 M), 
[𝐻2𝐵𝑂3
−] is the initial concentration of borate ions in the buffered solution (0.091 M).  
Guichardon et al. [228] described the operating conditions to follow for calculating the 
segregation index through the Villermaux-Dushman reactions. Some guidelines have 
been presented for the choice of the volume of acid to be injected, for the concentration 
of the reagents and for the pH of the buffered solution, for guaranteeing a good 
sensitivity of the method. The compounds used for preparing 1 L buffered solution 
and the relative purity are reported in Table 3.3. The water used was ultrapure water 
from Milli-Q system with a resistivity of 18.2 MΩ∙cm at 25°C. The buffered solution 
was prepared mixing the single solutions in the following order: H3BO3, NaOH, KI and 
KIO3. This order of addition should be respected for guaranteeing that iodide and 
iodate ions coexist in a basic solution, so to prevent thermodynamic iodine formation 
[228]. To prevent this from happening, the pH of the solution obtained should be 
checked and should stay between 8.5 and 9.5. 
Table 3.3. Compounds used for preparing 1 L of buffered solution, with relative purity and 
quantities. 
Compound Purity Quantity [g] Volume of water for the 
solution [ml] 
H3BO3 100%, Fisher Scientific 11.24 300 
NaOH > 98 %, Fisher Chemical 3.64 100 
KI > 99%, Fisher Chemical 1.94 10 
KIO3 100%, Honeywell 0.5 100 
 
A sulfuric acid (> 95%, Fisher Chemical) solution 0.06 M was also prepared. 26 ml 
of the buffered solution was injected in the glass vial used for ZIF-8 synthesis using a 
graduated pipette. After that, 1 ml of the sulfuric acid solution was injected in the 
buffered solution. After 2 min in which the system was mixed or sonicated, one sample 
of the liquid obtained was analysed in a UV-Vis spectrophotometer (Thermo Scientific 
Evolution 201) using a quartz cuvette at 353 nm. In this way the value of I3- in equation 
3.4 can be determined, transforming the intensity in concentration.  
When sonication is applied, I3- is produced from the effects of cavitation (see 
Section 2.1.4), therefore US can interfere with the calculation of the Segregation Index. 
Jordens et al. [197] have studied the problem in detail, and they concluded that one 
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method for correcting the SI obtained in presence of sonication is to subtract the 
quantity of I3- produced by sonication from the total I3- measured. The measurement of 
I3- generated with sonication can be determined from dosimetry, already presented in 
Section 3.1.2. 
In this way, the concentration of I3- used in equation 3.4 is corrected as following: 
(I3-)corrected = (I3-)measured – (I3-) sonolysis 3.5 
All the values of Segregation Index are reported in Figure 3.6, already corrected 
using the methodology already explained in case of sonication. In mixing conditions 
(left), SI decreases increasing mixing speed, because the micromixing is improved. 
With sonication (right), the general trend is that SI decreases increasing the 
calorimetric power. In addition, the lowest values of SI are reached with the lowest 
frequency, 98 kHz, which is expected considering that the collapses are stronger at low 
frequency and the production of I3- is also very low (see Figure 3.3). This is in 
agreement with previous results obtained by Jordens et al. [230], where the values of 
SI at 94 kHz are slightly larger than for 1135 kHz, both plate transducers. 
 
Figure 3.6. Segregation Index (SI) as function of mixing speed (left) and of calorimetric power 
(right) in case of sonication. The error bars showed in the graph are standard deviations 
calculated from three repetitions for each condition. 
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3.2 Antisolvent crystallisation of Sodium Chloride 
3.2.1 Procedure 
A stock solution of 200 g/L NaCl/H2O was first prepared mixing Sodium chloride 
(99.75%, Fisher Chemical) and Ultrapure water from a Milli-Q system with a resistivity 
of 18.2 MΩ∙cm at 25°C. After that, for each crystallization experiment, different 
quantities of this solution were poured into 150 g of ethanol (99.99%, Fisher Chemical) 
in a single action (total addition time less than 2 s). When low supersaturation (σ < 
5.93) was used, the solution NaCl/H2O was firstly diluted with ultrapure water to have 
similar mass of solution poured to the experiment at high supersaturation (σ = 5.93). 
In Table 3.4 the quantities of NaCl/H2O solution and of water used for each 
supersaturation are reported. For the calculation of σ, the equilibrium data used for 
the system NaCl-H2O-EtOH were from Linke and Seidell [231]. 
Table 3.4. Relative supersaturation considered in the experiments and relative quantities of 
NaCl/H2O solution at 200 g/L and water for dilution, where applicable. 
Relative supersaturation, σ [-] Quantity of NaCl/H2O 
solution at 200 g/L [g] 
Ultrapure water for dilution 
[g] 
2.10 8 7 
3.03 10 5 
5.93 16 (15 ml) 0 
 
The experimental set-up and the sonication modes are shown in Figure 3.7. 
Initially, as a control study, silent crystallization (absence of US) for different times 
were carried out (Figure 3.7bi). These were then compared to the system where 
continuous sonication for different times was applied during the crystallization 
process (Continuous US, Figure 3.7bii). In addition, in order to investigate the growth 
of crystals after sonication for the different continuous sonication times, the system 
was allowed to crystallise under silent condition until the end of the crystallisation 
before the sample was collected and analysed (US - silent, Figure 3.7biii). Furthermore, 
the influence of a short US burst in the middle of a crystallization was also taken into 
account. 5 s of US was applied at different times during the silent crystallization and 
the crystals collected at the end of the crystallisation (Burst US – silent, Figure 3.7biv). 
Finally, to determine whether there was further growth of the crystals during the silent 
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times after the US burst, crystals were also collected immediately after the 5 s US burst 
(Burst US, Figure 3.7bv). 
At the end of the crystallization process, the crystal sample was collected from the 
reactor and vacuum filtered using a vacuum pump (Welch Ilmvac Welch Ilmvac 
Diaphragm Pump MPC 201T) and a 0.2 µm polyamide membrane (Whatman). For 
Silent, Continuous US and Burst US, where the crystals should be quickly filtered to 
prevent further changes to the crystal size, a 10 ml sample was collected to allow a 
shorter filtration time of less than 3 s. The crystals obtained through filtration were 
then dried in the oven at 60°C up to 15 - 20 minutes. Each experiment was repeated 
three times. 
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(a) 
 
(b) 
 
Figure 3.7. Schematic representation of (a) the experimental set-up and (b) the analysed 
conditions: i) silent for different times, ii) continuous US for different times, iii) US for different 
times followed by silent conditions until the end of crystallisation, iv) 5 s US at different stages 
during the crystallization followed by silent conditions until the end of crystallisation, and v) 5 
s US at different times of a silent crystallization. All sonicated experiments were conducted at 
98 kHz, while for 300 kHz and 1 MHz continuous US and US – silent experiments only were 
run. For ii) and v) the filtration was done immediately after the sonication. For high 
supersaturation all the sonication modes have been used, while for low supersaturation only 
continuous US and US - silent modes have been considered. 
  Materials and Methods 
67 
3.2.1.1 Particle Size Distribution Characterisation 
The crystals were analysed first by an optical microscope (Ceti 1201.4000M 
Microscope, Max II Monocular with Achromatic Objectives) with a digital camera 
(Optek HDCE-30C Microscope USB Digital Eyepiece Camera), followed by Scanning 
Electron Microscope (SEM, Jeol 7100F). For the SEM imaging, the samples were 
attached onto suitable stubs with araldite and gold coated (Emitech K575X Sputter 
Coater) for four cycles, 2 nm each. The SEM images were collected with an acceleration 
voltage of 2 kV. 
All PSD were obtained by analyses of either microscope or SEM images, studying 
between 300 and 400 particles. The Minimum Feret diameter was used for the size of 
the crystals. Both number and volume-based PSD have been studied in all the 
experiments. PSD based on volume relies on the volumetric distribution and can be 
dominated by the contribution from the larger crystals. On the other hand, PSD based 
on number gives the population density as a function of crystal size and is dominated 
by the number of particles for each size. Analysing the two different PSDs 
comparatively enables understanding of the different particles that compose the 
sample, i.e. by volume for the larger particles and by number for the smaller ones. This 
is particularly useful when bimodal distributions are obtained. The average particle 
size by number has been calculated as follow: 
𝑑𝑎𝑣𝑒_𝑛𝑢𝑚 =
∑ (𝑛𝑗𝑑𝑗)𝑑𝑗
∑ 𝑛𝑗𝑗
 3.6 
where dj is the mean diameter of the j-th interval of diameters considered, nj is the 
number of particles which diameter is inside the j-th interval. The average particle size 
by volume has been calculated as follow: 
𝑑𝑎𝑣𝑒_𝑣𝑜𝑙 =
∑ (𝑛𝑗𝑑𝑗
4)𝑑𝑗
∑ (𝑛𝑗𝑑𝑗
3)𝑑𝑗
 3.7 
from [232]. 
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3.3 Synthesis of ZIF-8 in water 
3.3.1 Synthesis 
For the water-based synthesis of ZIF-8 the procedure of Pan et al. [120] has been 
used as reference. Zn(NO3)2·6H2O (98 %, Sigma Aldrich) was dissolved in 2 g of DI 
water. 2-Methylimidazole (99 %, Sigma Aldrich) was dissolved in 20 g of DI water. The 
metal solution was then poured into the ligand solution. After the end of the reaction, 
the final solution obtained was mixed with 20 ml of Chloroform (Reagent grade, 
Fischer Scientific), causing flocculation of the crystals, making easier their separation 
from the mother liquor. The separation was conducted in a separating funnel to 
remove the chloroform. The crystals were then recovered from the rest of the solution 
by centrifugation (5000 rpm) with a Thermo Scientific Sorvall ST8 centrifuge. After this 
first separation, the crystals obtained where washed (20 ml of DI water each) and 
centrifuged again for other three times before being dried in an oven at 80°C overnight. 
Different modes have been used for the experiments. First of all, silent condition 
was studied, in which the two solutions of metal and ligand were left reacting without 
agitation and sonication, as control experiment for analysing the effects of US only. In 
addition, mixing experiments were conducted, in which the two solutions of metal and 
ligand are mixed together using a plate mixer (Stuart Stir UC151) with a magnetic 
stirrer 1 cm length. Different stirring speeds have been considered, and the relative 
rpm were measured using a tachometer. For the experiments with sonication, 
frequency and power were varied. When heating was applied to the system, a hot plate 
(Stuart Stir UC151) was used. For all the modes, different reaction/sonication times 
have been studied. Finally, the excess of ligand was also varied, keeping constant the 
amount of metal and water, and using the same procedure and modes. Shown in Table 
3.5 are the parameters used for the experiments using different amounts of ligand. 
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Table 3.5. Parameters used in the experiments varying the amount of ligand. 
Molar proportion metal : ligand : water 1 : 70 : 1220 1 : 5 : 1220 
Quantity of Zn(NO3)2·6H2O [g] 0.293 g 0.293 g 
Quantity of 2-Methylimidazole [g] 5.675 g 0.410 g 
Maximum time for silent experiments 5 min 10 hr 
Maximum time for mixed experiments 5 min 40 min 
Maximum time for sonicated experiments 5 min 40 min 
Stirring speeds [rpm] 298, 562, 1172 298, 562, 1172 
Frequencies [kHz] 98, 300, 1000 300, 1000 
Amplifier power [W] 10, 20, 30, 40 10, 20, 30, 40 
Temperature [°C] 25 (room T) 25 (room T), 38 
 
3.3.2 Material characterisation 
X-ray diffraction (XRD) patterns have been collected using an X’Pert 
ProPANalytical, with Cu Kα radiation (40 mA, 45 kV) in a range of 2θ = 5 – 40°. 
Thermogravimetric analysis (TGA) have been performed in a TA Instruments 
TGA Q-500 in air, between ambient temperature and 700°C. The temperature increase 
was 10°C/min. 
The yield was calculated basing on the amount of metal used for the synthesis. 
The SEM images were collected using a Jeol 7100F. The samples were attached 
onto suitable stubs with araldite and gold coated (Emitech K575X Sputter Coater) for 
four cycles, 2 nm each. The SEM images were collected varying the acceleration 
between 10 and 30 kV. From the SEM images, PSDs have been calculated by number, 
studying 100 particles for each sample. The Feret diameter has been chosen for particle 
size. The average crystal size by number has been calculated using equation 3.6. The 
average crystal size based on volume has not been considered due to the amount of 
crystals analysed, too low for calculating a meaningful value of average size. 
The BET surface area has been measured through N2 adsorption-desorption 
experiments with a Micromeritics 3Flex. The samples were degassed at 90°C for 1 hr 
(10°C/min) and at 200°C for 8 hr (2°C/min). The analyses were run at -196°C in liquid 
nitrogen. The calculation of the BET surface area was based on the guidelines for 
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microporous materials presented in some studies [233–235]. These guidelines allow 
more reliable value of BET surface area to be obtained, even if it is not often used in 
the literature for MOFs. In general, the application of these criteria causes a general 
increase of the surface area calculated respect to the traditional method used for non-
microporous materials. 
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Chapter 4  
Antisolvent Sonocrystallisation of Sodium 
Chloride at High Supersaturation 
This chapter reports the influence of sonication time, frequency and mode on the 
sonocrystallisation of sodium chloride in ethanol at high supersaturation to determine 
if the application of US can be limited to shorter intervals. The experiments were 
conducted using three different frequencies and the PSDs of the crystals were studied 
and compared. The results presented in this chapter has been published (except for the 
results obtained at 300 kHz and 1 MHz) in: 
Nalesso S., Bussemaker M.J., Sear R.P., Hodnett M., Lee J., “Development of 
Sodium Chloride Crystal Size during Antisolvent Crystallisation under Different 
Sonication Modes”, Crystal Growth and Design, 2018, vol. 19, p. 141-149. 
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4.1 Introduction 
As already mentioned in the previous chapters, one technique used for 
crystallising is the antisolvent crystallisation, which consists of adding a second 
solvent to alter the solute solubility in the new solution [3,4,55,77,236,237]. It is a 
promising method because it is a less energy intensive alternative for obtaining crystals 
rapidly. However, this process usually results in a broad PSD [4,55,77] which is often 
a disadvantage for post processing steps (e.g. tableting and handling of powder with 
segregation phenomena) [2]. Attempts have been made to control the crystal 
properties through varying the operation and solution conditions for obtaining the 
desired crystal size and shape (see Section 2.3). Another alternative is the use of 
sonocrystallisation but, as already mentioned in Section 2.6, more studies are needed 
to solve the contentious about the mechanism. 
Most literature reports use continuous sonication throughout the entire 
crystallisation process, whereas applying US for a short time interval during the 
crystallisation can have a significant energy saving impact. However, only a few 
studies have applied sonication in short bursts at different periods during the 
crystallisation process. Two studies on calcium carbonate [191] and paracetamol [12], 
both concluded that ultrasound had no significant effect on the primary nucleation 
because the crystal size is only reduced when US is applied at the later secondary 
nucleation and crystal growth stage. Contrary to these reports, other studies observed 
a significant effect when US is applied during the primary nucleation stage. One of 
these reports showed an increase in the crystal size when a 5 s US burst was applied 
during the primary nucleation stage of dodecanedioic acid compared to silent 
conditions [238]. Another study on the crystallisation of industrial saline dairy effluent 
showed that an initial 3-20 s US burst resulted in a reduction in the induction time from 
3.2 hours to 1.7 hour at 70°C and from 12 hours to 3 hours at 50°C [239]. However, no 
significant effect on the crystal size was observed unless a second pulse is applied 10 
min after the first sonication [239]. Finally, the use of a single pulse during the 
crystallisation of an API showed that sonication increased the number of nuclei 
generated, and the crystals obtained were more than ten times smaller [223]. The 
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discrepancies reported in these studies might be due to the different and complex 
crystallising solutes.  
This chapter reports for the first time how the PSD of crystals changes as a function 
of time when different sonication modes are applied to the antisolvent crystallisation 
of sodium chloride. The system is well known in terms of frequency and power effect 
on the crystal size of sodium chloride and induction time [13,20,80]. However, in those 
studies continuous sonication was applied for the entire crystallisation process and it 
is unclear at what point the crystallisation process has reached equilibrium. In this 
way, it will be possible to determine which stages of crystallisation sonication is having 
the most significant impact i.e. nucleation, growth or both, as well as when 
crystallisation equilibrium is established. 
4.2 Power selection 
The power selection for each frequency is based on previous results obtained from 
Lee et al. [13], reported in Figure 4.1. The graph shows how the volume mean diameter 
depends on the calorimetric power for different frequencies. The system studied by 
Lee et al. is the same as the one here presented with same concentrations (σ = 5.93) and 
set-up. All the experiments were conducted with continuous sonication for the whole 
duration of the crystallisation (90 s). From these results it is possible to choose the most 
suitable value of calorimetric power for each of the frequencies selected for the 
experiments, which are 98 kHz, 300 kHz and 1 MHz. In the graph the trends for 98 
kHz and 1080 kHz are reported, but there are no indications for 300 kHz. In this case 
the value of power will be inferred from the other frequencies reported. Once the 
calorimetric power is known using calorimetry (see section 3.1.1), it is possible to 
choose the amplifier power. 
From Figure 4.1, it is evident that the general trend is that increasing the 
calorimetric power the diameter decreases, reaching a final plateau, whose value is 
different for each frequency. Since the study presented here mainly focuses on the 
effects of sonication time, only one power for each frequency has been considered. For 
this reason, the general criterion was to choose a value of calorimetric power in the 
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plateau region, where it is possible to affirm that there is no influence of power on the 
crystal size. 
 
Figure 4.1. Volume mean diameter of sodium chloride crystals, obtained by antisolvent 
sonocrystallisation in ethanol, at different frequencies and calorimetric powers. The relative 
supersaturation of the solution was 5.93. Reprinted from [13]. Copyright (2018), American 
Chemical Society. 
For 98 kHz the plateau starts around 5 – 6 W, while for 1080 kHz around 11 W. It 
is interesting to notice that the starting point of each plateau increases with increasing 
frequency. This observation is useful for inferring the value of calorimetric power for 
300 kHz. In this case, the plateau should start at a value of calorimetric power between 
the value for 139 kHz (around 8 W) and for 647 kHz (around 12 – 13 W). In Table 4.1 
the values used for the experiments at high supersaturations are reported. 
Table 4.1. Values of calorimetric and amplifier power used in the experiments for each 
frequency. 
FREQUENCY [kHz] CALORIMETRIC POWER [W] 
98 6.00 ± 0.00 
300 12.54 ± 0.48 
1000 13.40 ± 0.13 
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4.3 Results 
4.3.1 Silent 
Under silent conditions, Figure 4.2a shows the broadening of the PSD, calculated 
by volume (PSD calculated on the basis of number is reported in Figure A.1, in 
Appendix A), as well as the increase in the average crystal size as a function of 
crystallisation time. Time zero corresponds to the moment in which the salt solution 
was poured in the ethanol and supersaturation is established. While the end of the 
experiment was the beginning of filtration. The crystallisation was considered to have 
reached equilibrium or completed at 90 s since no further increase in the average 
crystal size was observed from 90 s to 150 s and the two PSDs partially overlap.  
The initial sharp and narrow PSD in Figure 4.2a is attributed to the high local 
supersaturation during the first few seconds leading to a spontaneous formation of 
crystal nuclei that grow together at a similar rate. For longer crystallisation times, the 
average crystal size is larger with a broad PSD. This is attributed to a combination of 
crystal growth rate variations and poor mixing. 
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(a) 
 
(b) 
 
Figure 4.2. For crystallisation under different silent crystallisation times: (a) variation of PSD of 
the crystals calculated based on volume fraction and (b) SEM images of the crystals collected. 
For (a) the data points represent the average volume fractions calculated from the three 
independent experiments and the curves are drawn to guide the eye. 
To examine the shape and morphology of the NaCl crystals, SEM images of the 
crystals at different crystallisation times were analysed (Figure 4.2b). From the SEM 
images, at 30 s there are some large crystals surrounded by many smaller crystals. 
From 50 s onwards, only the large crystals are present, and they continue to grow until 
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90 s. This validates the PSD obtained from the microscope images in Figure 4.2a, where 
a translation towards the large sizes is detected from 30 s. The SEM images of the final 
crystal shape exhibit a body-centred cube with sharp corners and on each cubic face 
there is a pyramid like inward spiral which ends at the centre of the face. This is 
indicative of a spiral mechanism that has been previously reported for anti-solvent 
crystallisation of NaCl at high supersaturation ( = 5.93) [55] and by evaporation [240]. 
4.3.2 Continuous US 
Continuous US at 98 kHz and 6.00 W calorimetric power was applied for different 
crystallisation times as those carried out under silent conditions, and the PSD curves 
obtained (shown in Figure 4.3a) were very different to those reported in Figure 4.2 for 
silent conditions. The mean crystal size for the final product obtained at 90 s under 
continuous sonication was ten times smaller than in the case of silent crystallisation, 
with a much narrower PSD compared to the silent conditions, indicating a visible 
improvement in the size uniformity. Furthermore, no evidence of significant crystal 
growth as a function of time was detected as in the case of silent conditions. In 
Continuous US the crystal size reached after 5 s was almost the same size as that 
obtained for longer sonication times of 90 s. Similar results had already been obtained 
with a 20 kHz horn for acid benzoic and glycine crystallisation [27,150], for which no 
growth had been detected during sonication. 
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(a) 
 
(b) 
 
Figure 4.3. For crystallisation under Continuous-US (98 kHz 6.00 W) for different sonication 
times: (a) variation of PSD of the crystals calculated based on volume fraction and (b) SEM 
images of the crystals collected. For (a) the data points represent the average volume fraction 
calculated from the three independent experiments and the curves are drawn to guide the eye. 
SEM images of the NaCl crystals (Figure 4.3b) clearly show that there was very 
little growth in the crystals for sonication times longer than 5 s. In addition, unlike in 
the silent conditions, the shape obtained under sonication did not exhibit spiral and 
step like surfaces. The results suggest that the nucleation induced by US during the 
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first 5 s was so high that a very small quantity of NaCl was available in solution, 
therefore very little growth was observed, and the crystals remained small without 
forming the spirals even after 90 s sonication. 
In Figure 4.4a the effect of frequency is reported in terms of average crystal size, 
considering 300 kHz 12.54 W and 1 MHz 13.40 W. The PSD obtained are respectively 
shown in Figure A.2 and Figure A.3 in Appendix A. It is clear that for the other 
frequencies studied the major effect of sonication is at the beginning of the 
crystallisation: after only 5 s of US, the final size is reached. In general, a small influence 
from different frequencies is detected, with smaller crystals being obtained at 98 kHz, 
while the larger crystals are produced with 1 MHz. However, the difference is not 
large, and the sizes obtained at different frequencies are very similar. This is also 
evident from the SEM images reported in Figure 4.4b, comparing with the crystals 
produced at 98 kHz in Figure 4.3b. 
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(a) 
 
(b) 
 
Figure 4.4. Influence of frequency (a) in terms of average crystal size, calculated based on 
volume, and (b) SEM images of the crystals collected at different sonication times. The error 
bars showed in the graph are standard deviations calculated from three repetitions for each 
condition. 
4.3.3 US - silent experiments 
From the previous sections, it is evident that the main action of US is at the early 
steps of the crystallisation, in particular during the first 5 s. However, it is still not 
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entirely clear if 5 s sonication is enough to deplete all the NaCl in the solution, i.e. US 
can complete the crystallisation process and reach equilibrium by increasing the 
process rate. Therefore, experiments were made employing the same sonication times 
as the previous section, but rather than filtering immediately, the system was allowed 
to reach 90 s under silent conditions. 90 s was chosen as no further significant crystal 
growth was observed beyond this time in silent experiments. In Appendix A the PSDs 
based on volume for all the frequencies are reported in Figure A.4 (98 kHz), Figure A.5 
(300 kHz) and Figure A.6 (1 MHz). The comparison US versus US - silent conditions 
(Figure 4.5) shows that the average crystal sizes obtained in the two conditions have 
little difference, independently of the frequency considered. The dimensions of the 
crystals after the silent period (up to 90 s) remain relatively small, and were almost 
independent of sonication time. It is clear that 5 s of sonication at the beginning of the 
crystallisation (followed by 85 s of silence) has almost the same effect as 90 s of 
continuous US. In another words, the sonicated system has reached equilibrium in 5 s 
sonication compared to 90 s under silent condition. Therefore, the post-silent step does 
not significantly affect the average crystal size. 
 
Figure 4.5. Comparison between Continuous US (left) and US – silent (right) at different 
frequencies in terms of average crystal size, calculated based on volume. The error bars are 
standard deviations calculated from three repetitions for each condition. In US – silent all the 
experiments have total duration of 90 s. 
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4.3.4 Burst US - silent experiments 
To further understand the influence of 5 s US during different stages of the 
crystallisation process, the 90 s silent crystallisation time was interrupted with a 5 s 
burst of US at various points in time, only for 98 kHz. The resulting variations in the 
PSD based on volume are reported in Figure 4.6a. For Burst US - silent conditions the 
crystal sizes were generally larger than 30 µm, except for the case of a burst applied 
between 0 - 5 s. These are generally larger compared to the crystals obtained with 
Continuous US (Figure 4.3), but smaller than the sizes obtained under silent conditions 
(Figure 4.2). An US burst at the beginning of the crystallisation clearly had a larger 
effect than one tens of seconds later. In Figure 4.6b PSD based on number is also 
reported. As already previously explained, PSD based on volume helps on focusing on 
the larger crystals, while PSD based on number monitors the trend of the smaller 
particles. When a burst was applied in the system, large differences were detected 
between the two PSDs. As shown in Figure 4.6b, the application of 5 s US burst gave 
rise to a population of smaller crystals that was not obvious in Figure 4.6a. The bimodal 
distribution in the case of burst is clearly observed in the SEM images (Figure 4.6c), 
which show the presence of both large and small crystals. 
 
(a) 
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(b) 
 
(c) 
 
Figure 4.6. For crystallisation under Burst US – silent (5 s at 98 kHz 6.00 W) at different times 
during a 90 s crystallisation time: variation of PSD of the crystals by (a) volume fraction and (b) 
number fraction, and (c) SEM images. The crystals were filtered immediately after 90 s, except 
when the burst was between 90-95 s. For (a) and (b) the data points represent the average 
volume fractions calculated from the three independent experiments and the curves are drawn 
to guide the eye. 
The larger crystals obtained were likely to have been formed prior to the US burst. 
When 5 s US was applied, many smaller crystals quickly formed. However, comparing 
the volumetric distributions with the silent system at the equivalent crystallisation 
time (Figure 4.2), the larger crystals appear to be slightly smaller. This is probably due 
to fragmentation of crystals which can be seen from the SEM images (Figure 4.6c). On 
the other hand, the smaller crystals observed for US burst between 35 - 40 s and 70 – 
75 s were of the same size as those obtained under continuous sonication (Figure 4.3). 
This is also clearly observed in Figure 4.6cii for 35 - 40 s with higher magnification, in 
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comparison with all the SEM images of Continuous US (Figure 4.6). It is likely that 
before the crystallisation is completed, the quantity of NaCl in the solution is still high 
enough for generating new crystal nuclei when US is applied. This would explain the 
decrease in the amount of smaller crystals when the 5 s US burst was applied after the 
crystallisation was considered complete, as it is clear from the comparison of SEM 
images of crystals obtained after a burst at 70 – 75 s and 90 – 95 s, reported respectively 
in Figure 4.6ciii and Figure 4.6civ. Along the process, the NaCl was depleted by the 
crystallisation, therefore the later the burst was applied, and lower the quantity of 
small crystals was generated by sonication. 
4.3.5 Burst US experiments 
These experiments were similar to those carried out in the previous Section 4.3.4, 
except that the crystals were collected immediately after the US burst. The PSD results 
for these experiments are reported in Figure A.7 and in Figure A.8 again only for 98 
kHz, where it is clear that the general trend is very similar to that obtained in Burst 
US - silent conditions. The comparison between Burst US - silent, Burst US and silent 
in terms of average crystal size is reported in Figure 4.7. 
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(a) 
 
(b) 
 
Figure 4.7. Comparison between Burst US - silent and Burst US (98 kHz 6.00 W) in terms of 
average crystal size, calculated based on (a) volume and (b) number. The Silent results have 
also been reported for comparison. The error bars are standard deviations calculated from three 
repetitions for each condition. For Burst US – silent, the two points reported represent the value 
of the average crystal size obtained when the burst was applied between 0 – 5 s, 35 – 40 s and 
70 – 75 s, followed by a silent period up to 90 s in total. For Burst US, the two points reported 
represent the value of the average crystal size obtained when the burst was applied between 0 
– 5 s, 35 – 40 s and 70 – 75 s, followed by immediate collection of the crystals. 
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4.4 Discussion 
The results in this study show that the action of sonication was more significant 
when 5 s US burst was applied at the very beginning of the process, and this is valid 
for any frequency applied. This suggests that US mainly affects the nucleation step. It 
has been reported for other systems [15,18,19,23,159] that US increases the nucleation 
rate and decreases the induction time, this means that a higher number of nuclei are 
generated in a short amount of time [223]. Therefore, the salt in solution that can 
crystallise is shared by a higher number of crystals and as a result, the crystals are 
smaller as shown in this study. In addition, a small influence of frequency on the 
average crystal size has been detected. In particular, the smallest crystal size was 
obtained at 98 kHz, while the largest crystal size was produced at 1 MHz. This is in 
agreement with previous studies, i.e. lower frequencies enhance crystal nucleation and 
decreases the crystal size as a consequence [13,20,226]. 
The rapid formation of small crystals when US is applied could be attributed to 
the sonofragmentation phenomena [196,197,206,207]. Sonofragmentation can be 
distinguished between two different mechanisms: fracture and abrasion [197]. Fracture 
is the formation of large and non-homogeneous fragments, while abrasion is 
responsible of “rubbing” the surface of the crystals, generating smaller particles. The 
former is unlikely to have occurred in this study as the reported sonofragmentation 
studies [197,206] have used either high intensity ultrasonic horns or longer sonication 
times of 180 min with plate transducers to obtain an approximate 10-fold decrease in 
the average crystal size. Whereas in this study, the same reduction in the crystal size 
was achieved with only 5 s sonication using a less power intensive plate transducer 
and longer sonication times of up to 90 s did not result in further size reduction. If 
fragmentation was to occur, it would lead to irregular shaped crystal fragments, but 
the small crystals obtained in this study were all cubic with regular shapes. To further 
discount sono-fracture effect, the dry crystals obtained in silent conditions after 90 s 
were sonicated in absolute ethanol at 98 kHz 6.00 W. As it is showed in Figure 4.8, no 
fragmentation and, in particular, no formation of the small regular crystals was 
observed for 5 s sonication at the same frequency and power used for the crystallisation 
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experiments. This is in agreement with another study with adipic acid that US 
enhances nucleation without causing fragmentation [226]. Although sono-fracture is 
not responsible for the generation of the smaller size crystals, evidence in the breakage 
of the existing large crystals into medium size fragments can be seen in Figure 4.6c 
when the intermittent 5 s US burst is applied at 35 - 40 and 70 - 75s. This fracture is 
thus attributed to inter-particle collisions brought about by the acoustic cavitation 
induced acceleration of the small crystals towards the larger crystals [192,241]. This 
would explain the lack of breakage in the large crystals when the US burst was applied 
at 90 - 95 s (Figure 4.6c), as beyond 90 s the system has reached equilibrium and there 
are very little fine crystals being generated during the sonication to induce inter-
particle collision with the large crystals. 
 
 
Figure 4.8. SEM images of crystals obtained (a) in Silent condition after 90 s and (b) after a 5 s 
burst is applied to the crystals in (a), re-dispersed in ethanol. 
However, sono-abrasion phenomena cannot be excluded. This mechanism could 
cause the formation of new nuclei, favouring secondary nucleation [151]. Therefore, 
sono-abrasion could explain the presence of small and regular crystals after sonication 
has been applied. On the other hand, US can also affect primary nucleation. From the 
study of the PSD, a narrower distribution can be indicative of the formation of nuclei 
at the same time, i.e. primary nucleation is improved. These last two mechanisms 
confirm the hypothesis that sonication mainly influences the first step of 
crystallisation. 
It is clear that the formation of smaller and homogenous crystals is not caused by 
sono-fracture, but most probably by the influence of US on nucleation, as it was also 
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previously reported in another study [190]. However, it is unclear which type of 
nucleation (primary or secondary) is affected by US. 
4.5 Summary 
This study shows that it is not necessary to sonicate for the entire duration of the 
crystallisation, but only for a small amount of time at the beginning of the process. The 
crystallisation equilibrium was established within the initial 5 s sonication, resulting 
in a 10-fold decrease in crystal size, with a subsequent narrower PSD and more regular 
shape, when compared to silent control studies. The crystal size reduction caused by 
sonocrystallisation has been detected for all three frequencies studied (98 kHz, 300 kHz 
and 1 MHz). A small influence of frequency has been identified, with the smallest 
crystals obtained at 98 kHz and the largest with 1 MHz. If after 5 s sonication the 
system was allowed to reach 90 s in silent condition or if further sonication longer than 
5 s was applied, in both cases no significant effect on the PSD was observed. 
On the other hand, if 5 s US burst was applied during the crystallisation process, 
a bimodal PSD was obtained, with a distribution of small crystals generated by the US 
burst and a distribution of larger crystals grown during the silent condition prior to 
the US burst. The formation of small and regular crystals was attributed to the 
influence of US on nucleation, even if it is not possible to distinguish between primary 
and secondary nucleation. Sono-fracture was excluded since the sonication time was 
very short compared to other studies where this phenomenon was observed, and the 
crystals obtained are morphologically regular, far from being fragments. This was 
further supported by the application of 5 s of US burst to crystals formed in silent 
conditions which did not generate any small and regular crystal. 
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Chapter 5  
Antisolvent Sonocrystallisation of Sodium 
Chloride at Low Supersaturation 
In Chapter 4 it was established that, working at high relative supersaturation (σ = 
5.93), the crystal size reduction in 5 s US was comparable to that achieved sonicating 
until the end of the crystallisation (90 s). Furthermore, the influence of frequency was 
minor, but the highest reduction in size was obtained at the lowest frequency 
considered (98 kHz). The results confirmed that the action of sonication is mainly 
during the nucleation step. This chapter is an extension of the work presented in 
Chapter 4 to investigate the effects of sonication when a low relative supersaturation 
is used, at different frequencies and calorimetric powers. 
The data presented have been plotted and interpreted by the author, but they were 
collected by two master students (Nikolina Pieri and Dylan Dhinsa) during the 
academic year 2018/2019. The students used the same experimental setup and 
procedures as in Chapter 4. 
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5.1 Introduction 
The results obtained in Chapter 4 are specific for a high supersaturation system. It 
is well known that crystallisation highly depends on the supersaturation (S) used (see 
Section 2.2). High level of supersaturation increases the nucleation rate, causing 
smaller crystals [2,3]. Supersaturation can also influence crystals morphology [242] 
and control polymorphs where they exist [2,243]. In addition, different values of 
supersaturation can affect the type of nucleation: for high values of S, nucleation is 
mainly homogeneous, while for low values of S the nucleation can becomes 
heterogeneous [60]. 
At a given supersaturation, increasing the energy input (power) decreases the 
induction time [80,244,245]. At lower supersaturations, this decrease in induction time 
is more significant, i.e. the effects of US are stronger at low values of S [18,80]. Lee et 
al. [80] studied the influence of frequency on the induction time at different 
supersaturations while keeping a constant calorimetric power. The induction time 
showed a minimum for frequencies between 44 and 98 kHz, and this minimum was 
more evident for low values of supersaturation. Therefore, in general lower 
supersaturation allows differences to be detected that are not obvious when S is too 
high. 
In general, there is a lack of study about the influence of sonication time for 
different values of supersaturation. The majority of the studies have considered only 
one frequency and varied the energy input [28,177,244–246]. Only one study has varied 
the supersaturation and frequency at the same time [80]. However, those studies have 
used fixed sonication time equivalent the crystallisation time for silent conditions and 
did not investigate the possibility of shortening the application of US, which could be 
of great interest especially in industry. The results in Chapter 4 showed that with high 
supersaturation only 5 s sonication were necessary at 98 kHz 6 W for having a 10-fold 
crystal size reduction respect to the silent conditions. However, this cannot be 
generally applied to all systems, considering that other supersaturations conditions 
may exist. Therefore, there is a need to study the effects of sonication on a low 
supersaturation system. Furthermore, it is also important to study the effects of 
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frequency and power (especially low power), because larger differences can be 
detected and more general conclusions can be inferred, applicable to a wider variety 
of systems. 
Therefore, using the same set-up of Chapter 4, i.e. antisolvent sonocrystallisation 
of sodium chloride, Continuous US and US - silent experiments have been conducted 
at a lower relative supersaturation (σ = 2.10), using three frequencies (98 kHz, 300 kHz 
and 1 MHz). In addition, power has also been varied for studying the change in the 
desupersaturation time. These new experiments could also be useful for clarifying 
which crystallisation step is mostly influenced by sonication, working also on the 
comparison between low and high supersaturation. 
5.2 Results 
5.2.1 Silent 
The antisolvent crystallisation of sodium chloride in ethanol has been studied for 
three different values of initial relative supersaturation σ in silent conditions. The 
results are presented in Figure 5.1 in terms of variation of the average crystal size 
during the crystallisation. For all the relative supersaturations considered, a size 
increase is detected as a function of time, until a final plateau is reached. However, the 
time required to reach the final plateau increases with decreasing relative 
supersaturation. For σ = 5.93 the plateau is reached at around 90 s, as observed in the 
Chapter 4, while for σ = 3.03 and σ = 2.10 around 180 s and after 360 s, respectively. In 
addition, the final crystal size is larger with decreasing supersaturation. These 
observations are in line with what already presented in the literature [2,3]. 
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Figure 5.1. For crystallisation under silent conditions average crystal size based on volumetric 
fraction at different times for three values of relative supersaturation. The error bars showed in 
the graph are standard deviations calculated from three repetitions. The values for σ = 5.93 are 
the average crystal size of the PSDs presented in Figure 4.2. 
Figure 5.2 and Figure 5.3 shows the PSDs as a function of time for σ = 2.10 and σ = 
3.03, respectively. The crystals obtained at lower supersaturation show broader PSDs 
at any moment during the crystallisation, and are generally larger than the crystals 
formed at higher supersaturation (Figure 4.2). 
 
Figure 5.2. For crystallisation under silent conditions with σ = 2.10 at different times variation 
of PSD by volume fraction (left) and by number fraction (right). The data points are volume 
fractions from one experiment for each PSD and the curves are drawn to guide the eye. 
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Figure 5.3. For crystallisation under silent conditions with σ = 3.03 at different times variation 
of PSD by volume fraction (left) and by number fraction (right). The data points are volume 
fractions from one experiment for each PSD and the curves are drawn to guide the eye. 
5.2.2 Continuous US: effects of calorimetric power 
The influence of calorimetric power has been studied for 98 kHz and 300 kHz. The 
experiments were run with continuous US for 15 s at the beginning of the 
crystallisation. The lowest relative supersaturation has been considered (σ = 2.10). 
In Figure 5.4 the average crystal size is reported as a function of the calorimetric 
power for each frequency. Looking at each frequency separately, the size generally 
decreases with increasing the calorimetric power, until a final plateau is reached. A 
power lower than 1 W is sufficient to reduce crystal size to that obtained at high 
powers. In addition, the crystal size is higher for 300 kHz than for 98 kHz, similar to 
that observed for the higher supersaturation in Chapter 4 (Figure 4.4). 
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Figure 5.4. Effect of calorimetric power on the average crystal size based on volume, for 98 kHz 
and 300 kHz, in Continuous US for the first 15 s during crystallisation, with σ = 2.10. The lines 
are drawn to guide the eyes. The error bars showed in the graph are standard deviations 
calculated from three repetitions. In case of two repetitions, the single values of the two 
experiments have been reported separately. 
Looking at the relative PSDs in both volume and number fractions reported in 
Figure 5.5, the decrease in average crystal size is mainly due to the formation of small 
crystals and the increase of their amount with increasing calorimetric power. This is 
especially evident for 98 kHz (Figure 5.5a), where the first hump of the PSD by number 
(right) shows the amount of small crystals becoming  higher with increasing 
calorimetric power, while the second hump for large particles decreases. Similar 
results can be observed for 300 kHz (Figure 5.5b), even if the presence of small crystals 
seems to be less important. For this reason, the average crystal sizes for 300 kHz are 
slightly larger than those ones obtained with 98 kHz (Figure 5.4). Hence, it is evident 
that for both frequencies, bimodal distributions are obtained at low relative 
supersaturation, and when sonication is more powerful the amount of smaller crystals 
increases. 
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(a) 
 
(b) 
 
Figure 5.5. Variation in the PSD by volume fraction (left) and by number fraction (right) under 
Continuous US for the first 15 s during crystallisation with σ = 2.10, at different calorimetric 
powers for (a) 98 kHz and (b) 300 kHz. The data points are volume fractions from one 
experiment and the curves are drawn to guide the eye. 
In Figure 5.6, the average crystal size by volume is reported in function of time for 
low and high powers. The results show that for the higher power the initial decrease 
in size does not exist and no variation with time, i.e. neither growth nor size reduction. 
Furthermore, at high powers the crystal size is smaller than the one obtained with low 
power. It is likely that the action of US is stronger at the higher power (more crystal 
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nucleation centres are formed), therefore shorter sonication time is needed for reaching 
the final size. 
 
Figure 5.6. Comparison between two different powers for 98 kHz in terms of average crystal 
size based on volume fraction, with σ = 2.10. The lines are drawn to guide the eyes. In case of 
two repetitions, the single values of the two experiments have been reported separately. 
For 98 kHz, the lowest calorimetric power of 0.41 W (lowest power setting on the 
amplifier equal to 1 W) was sufficient to reach an equilibrium size similar to that 
obtained at higher powers. This is of industrial interest as it will lower the energy 
requirement from ultrasound. 
5.2.3 Continuous US: effects of frequency 
The previous section has shown that an amplifier power of 1W is sufficient to 
reduce the crystal size to the equilibrium size. Therefore, the amplifier power of 1 W 
was used for other frequencies, although this gave slight differences in the calorimetric 
powers (Table 3.1): this difference was less than 0.3 W and is assumed negligible. 
In Figure 5.7 the results in Continuous US are presented for 98 kHz at 0.41 W in 
terms of PSD based both on volumetric and number fraction. Bimodal distribution of 
large and small crystals is observed. From the volumetric distributions, it is clear that 
no growth is detected as a function of time. The crystals formed since the beginning of 
the crystallisation keep their size almost stable all along the process. On the other side, 
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the number distributions show the presence of smaller particles, which were invisible 
looking at PSDs on volume base, together with the larger crystals already identified. 
Therefore, the graphs show that there is a bimodal distribution of large and small 
crystals. From PSDs based on number, it is also possible to observe that no growth or 
reduction occurs during the different processing times. In addition, the higher fraction 
of the larger crystals with respect to the small ones is an indication that the majority of 
particles in the sample are large. Probably due to the low power used, US can only 
generate a small quantity of new nuclei, forming the smaller crystals. On the contrary, 
in other points of the crystalliser  not reached by sonication, the solute in solution is 
used for growing the already formed crystals, causing the formation of a bimodal 
distribution. 
 
Figure 5.7. Variation in the PSD by volume fraction (left) and by number fraction (right) under 
Continuous US at different times for 98 kHz and 0.41 W with σ = 2.10. The data points are 
volume fractions from one experiment and the curves are drawn to guide the eye. One 
repetition for each experiment has been run (not showed here), obtaining very similar results. 
On the other hand, for 300 kHz and 0.67 W the PSDs based on volume (Figure 5.8) 
increased in size as a function of continuous sonication time up to 40 s before 
plateauing at a final crystal size. Furthermore, the distributions were generally broader 
compared to 98 kHz, especially at longer times. In this case, PSDs based on number 
show that smaller particles were generated only during the first 5 s sonication, and 
their presence is relatively higher respect to the larger crystals, contrary to what 
observed at 98 kHz. The higher amount of small crystals could be due to the higher 
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number of antinodes for 300 kHz, where the cavitation activity is usually stronger. This 
is evident from the SL images in Figure 3.4a, in which the number of lines detected is 
higher than for 98 kHz. After that, small crystals disappeared because they probably 
grew during the subsequent period of sonication, and the distribution is no more 
bimodal after 10 s. In this case, 300 kHz is not efficient enough for using the solute in 
the solution for producing new nuclei, since the salt available is instead used for 
growing the particles already present in the system. As a result, the average crystal 
size in the plateau region (around 12 µm) was larger than for 98 kHz (9 – 10 µm). 
Looking again at the SL images in Figure 3.4a at the lowest power studied, it is clear 
that at 300 kHz the cavitation activity is mainly focused in the centre of the vessel, 
while at 98 kHz it is more homogeneous. This means that at 300 kHz there are more 
regions where the crystals are not affected by cavitation. 
 
Figure 5.8. Variation in the PSD by volume fraction (left) and by number fraction (right) under 
Continuous US at different times for 300 kHz and 0.67 W with σ = 2.10. The data points are 
volume fractions from one experiment and the curves are drawn to guide the eye. One 
repetition for each experiment has been run (not showed here), obtaining very similar results. 
Finally, for 1 MHz the PSDs reported in Figure 5.9 are even broader than those at 
other frequencies and have larger average crystal size (around 38 – 41 µm). The PSDs 
during the first 5 s resemble a lot the situation in silent conditions (Figure 5.2), probably 
due to the weak influence of US with a high frequency. However, in silent the crystals 
clearly grew during the process. On the contrary, for 1 MHz the situation is different. 
Looking at the PSDs based on number, the small crystals formed at the beginning grew 
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in time, especially between 5 and 10 s. Furthermore, contrary to what observed with 
98 kHz, the amount of small crystals seems to be higher than the larger crystals. On 
the other hand, looking at the PSDs by volume, the crystal size decreased, probably 
due to the small crystals growing, therefore acquiring more importance in the 
calculation of the distribution. Hence, it is expected that the larger crystals formed at 
the beginning did not change significantly their size along the time, while the smaller 
particles increased their size, even if the growth is not important. The increase in size 
is limited probably because most of the salt has been used at the very start for 
generating large particles. After that, it is possible that the solute available is not 
enough for growing both large and small particles, favouring as consequence the 
growth of the most numerous crystals, i.e. the small ones. It is interesting to notice that 
both large and small particles obtained with 1 MHz are all larger than the crystals 
obtained with 98 or 300 kHz. This highlights the inefficacy of US on crystallisation 
when higher frequency is used. SL images (Figure 3.4a) clearly show that at the lowest 
power studied the cavitation activity is very low. 
 
Figure 5.9. Variation in the PSD by volume fraction (left) and by number fraction (right) under 
Continuous US at different times for 1 MHz and 0.71 W with σ = 2.10. The data points are 
volume fractions from one experiment and the curves are drawn to guide the eye. 
In Figure 5.10 the average crystal size based on volume distributions are reported 
for the different conditions studied, helping the comparisons. It is clear that increasing 
frequency causes a lower control on the crystallisation, resulting in larger particles. 
Similar results have been obtained in Chapter 4 for different frequencies and reported 
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in the literature, that is frequencies higher than 200 kHz are usually less efficient for 
crystallisation, and larger crystals are obtained [13,20,221,226].  
  
Figure 5.10. Average particle size based on volume at different times, comparing different 
conditions. The lines are drawn to guide the eyes. The error bars are standard deviation 
calculated from three repetitions. In case of two repetitions, the single values of the two 
experiments have been reported separately. 
5.2.4 US – silent 
US – silent experiments have also been run for 98 kHz 0.41 W. The aim is to 
understand if crystal growth occurs during the silent period after sonication as an 
indication of the level of de-supersaturation brought by US. Therefore, after the initial 
sonication period the system was left in silent conditions until 420 s. The results for the 
average crystal size by volume and by number are shown in Figure 5.11 and the PSDs 
obtained in US – silent are reported in Figure B.1 in Appendix B. The most relevant 
differences between the two modes are observed at the beginning of the crystallisation, 
below 10 – 15 s, where the crystals produced under US – silent are larger than under 
Continuous US. For longer times, the crystal size obtained under the two modes 
plateaus at a similar crystal size. However, US – silent needs longer time for reaching 
the plateau than Continuous US. 
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Figure 5.11. Comparison between Continuous US and US - Silent for 98 kHz 0.41 W in terms of 
average crystals size based on volume fraction (left) and on number fraction (right) for different 
sonication times. The lines are drawn to guide the eyes. In case of two repetitions, the single 
values of the two experiments have been reported separately. 
These observations could be explained through the presence of sodium chloride in 
solution after the initial sonication, still available for crystallisation. Especially when 
US is applied for a short period, not all of the NaCl is depleted from the system, 
therefore a lot of solute is still in the solution after the sonication. This salt is available 
for a subsequent growth of the crystals already formed if the system is left in silent, 
therefore in US – silent mode the particles are larger for sonication times below 40 s. 
However, no growth is detected in US – Silent mode after 40 s of sonication, therefore 
the sodium chloride that was still in solution is most likely to have depleted around 40 
s. Furthermore, looking at Figure 5.11, no significant change in size is observed 
between 15 and 40 s in Continuous US, despite the presence of solute that is still 
available for crystallisation, as demonstrated in US – Silent. Therefore, this means that 
further sonication between 15 and 40 s is  producing new crystals with similar size as 
that already formed in 15 s, instead of growing the already existing crystals. 
5.3 Discussion 
The application of US generally exhibits crystallisation rate enhancement and 
reduction in crystal size. At the lowest relative supersaturation considered (σ = 2.10) 
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the final size was reached after about 720 s in silent conditions, while with sonication 
this transition time was reduced and frequency dependent. Working at similar 
calorimetric power, 98 kHz needed 15 s to reach the final crystal size, while 300 kHz 
required longer sonication times, between 15 and 40 s. In addition, the size reached 
after 5 s in silent was around 30 µm, while at 98 kHz and at 300 kHz the respective 
sizes were 10 – 14 µm and 7 – 8 µm. Therefore, even at low powers, the effects of US 
are already noticeable after only 5 s sonication. Conversely, for 1 MHz the efficiency of 
sonication decreased dramatically, and the average size obtained was larger than 30 
µm. This behaviour is probably related to the different type of cavitation when 
frequency is changed. At low frequency the bubbles are larger, and they collapse more 
violently, generating stronger shockwaves. On the contrary, at higher frequency the 
number of antinodes and the bubble population both increase, but the bubbles are 
smaller, so the collapses are weaker (see Table 2.1). Hence, crystallisation seems to be 
affected by strong implosions of large bubbles, i.e. by the physical effects of sonication. 
In all conditions studied with sonication at the lowest power possible for the 
equipment used, bimodal distributions have been obtained. For both 98 and 300 kHz 
the size of the smaller crystals were similar, below 5 µm. This is analogous with what 
observed at high supersaturation when a US burst was applied during a silent 
crystallisation. Sonication demonstrated its ability of forming new small crystals and 
these results at low supersaturation confirms this behaviour. However, in this case the 
phenomenon occurs in Continuous US because the power used is very low. Therefore, 
part of the crystals grows as in silent conditions, forming the larger particles, while the 
smaller are generated because of US. The solute in solution is used to produce these 
new small crystals, hindering the growth of the large ones. With 98 kHz the small 
particles are present during all the process, keeping the same size. Since a small 
decrease in the average size has been detected (Figure 5.10), it probably means that 
there is an initial increase of small crystals amount between 5 and 15 s. After that, the 
solute in solution is very likely depleted and the size reaches the plateau, therefore no 
growth or reduction in size has been observed. On the other hand, with 300 kHz 
growth has been identified for the large particles, even if smaller crystals have been 
formed at the beginning of the process (Figure 5.8). However, their presence 
 Antisolvent Sonocrystallisation of Sodium Chloride at Low Supersaturation 
103 
disappears along the sonocrystallisation, demonstrating that all the crystals already 
formed during the first 5 s have probably grown. Therefore, the efficiency of 300 kHz 
is lower than 98 kHz, and the solute available is used for growth instead of new nuclei 
formation. Finally, the behaviour of 1 MHz is different from the other cases presented. 
During the first 5 s the system resembles the silent conditions with a bimodal 
distribution of small and large particles, with similar sizes (Figure 5.9 and Figure 5.2). 
After that, the large crystals do not grow, while the small particles do. This is probably 
because the latter are higher in number with respect to the former. It is also possible 
that the number of smaller crystals is higher than those ones obtained in silent. In this 
way it is explained why under silent condition all the crystals grew, while with 1 MHz 
there is a sort of selection. Therefore, also 1 MHz can have an effect on the 
crystallisation, even if more limited with respect to the lower frequencies. 
The experiments essentially demonstrate that the action of sonication is mainly 
concentrated during the nucleation. When high power is used (Figure 5.6), the crystals 
obtained are more homogeneous in size because the action of US is efficient since the 
beginning of the process. Higher power means that more crystal nuclei are formed 
simultaneously, the solute available is shared among a higher number of crystals, 
hindering as consequence their growth. On the other hand, when low power is 
applied, a lower number of nuclei is formed, and some of them can grow more than 
others, causing a bimodal distribution. This is in agreement with Ramisetty et al. [223], 
who found that applying US in a single pulse causes an increase of number of crystals 
in the system, and this increase is higher at higher power. However, it is still unclear 
if the influence of sonication is on primary or secondary nucleation. 
US could improve primary nucleation, forming new nuclei from the solute still in 
solution. In many studies it has been concluded that sonication can reduce the MSZW, 
inducing crystallisation in systems with lower relative supersaturation than in the 
silent conditions [15,18,22,23,150,224]. The reduction in the induction time by US, 
leading to an increase of the nucleation rate at the same time, has also been reported. 
Some examples are the cooling crystallisation of lactose, which decreased from 10 hr 
to 5 min with sonication [247], and the anti-solvent crystallisation of roxithromycin, 
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where the most significant effect of sonication on the induction time was detected at 
low values of supersaturation [18]. 
Secondary nucleation on the other hand can receive benefits from sonication 
through sonofragmentation phenomena. As already mentioned in the previous 
chapter, sonofragmentation can be distinguished as sono-fracture and sono-abrasion. 
Since no large fragments have been detected at any sonication conditions used, it can 
be concluded that sono-fracture did not occur. US can abrade the crystals already 
formed, enhancing secondary nucleation. The solute still in solution is therefore 
distributed into the new nuclei formed, which are more thermodynamically unstable 
than those already grown. In this way, sonication can control the size of both the “old” 
and “new” crystals, until the final plateau is reached. 
5.3.1 Comparisons with high relative supersaturation 
The results obtained at low supersaturation confirm what already observed at high 
supersaturation. First of all, crystals produced at higher frequency are larger than those 
obtained at lower frequency (Figure 5.10). In addition, increasing calorimetric power 
causes a crystal size reduction, as it has already been detected for high supersaturation 
[13]. Furthermore, in both systems the influence of sonication during the early stages 
of crystallisation has been demonstrated. As a consequence, it is not necessary to 
sonicate all along the crystallisation, but for a short interval of time during the early 
stage. 
In Figure 5.12 results at 98 kHz and 300 kHz are reported, in terms of average 
crystal size as function of sonication time, at different calorimetric powers and relative 
supersaturations. With 98 kHz at low supersaturation the system is affected by 
calorimetric power. When a low power is used, an initial size decrease is detected up 
to 15 s, while at high power the final size is reached after only 5 s. In addition, slightly 
larger particles are obtained at lower calorimetric power, as already mentioned. 
Moreover, PSDs reported in Figure 5.7 and in Figure B.2 show that a bimodal 
distribution is obtained at low calorimetric power, while this bimodality tends to 
disappear when higher power is used, probably due to the more powerful sonication. 
Only at longer times (after 90 s) a second hump in the PSDs based on number starts 
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appearing, probably identifying growth of some of the crystals previously formed. On 
the other hand, when high supersaturation is used, almost no differences are detected 
in terms of average crystal size between the different calorimetric powers, and no 
significant growth or reduction are detected along the time. Therefore, the system 
reaches its plateau after only 5 s sonication. The PSDs in Figure B.3 and in Figure 4.3 
show that at low powers, the distribution seems to become bimodal after 45 s 
sonication, while at high power the crystals are always unimodal. It is possible that, 
due to the low power used, the system starts producing a significant amount of smaller 
crystals after long sonication times and, because the solute in solution is not enough 
for growing these new particles formed, they stay small. It is interesting to notice that 
the average particle size reached in the final plateau for all the conditions reported in 
the graph is almost the same. 
When the results of 300 kHz at different relative supersaturation are analysed, it is 
possible to notice that there is an evident difference on the final crystal size when low 
power is applied. This is probably due to the lower efficiency of higher frequencies in 
crystallisation, which makes the system more sensitive to the supersaturation used. In 
addition, the plateau is reached after 15 s at low supersaturation, while at high 
supersaturation only 5 s are necessary. Furthermore, the PSDs in Figure 5.8 and in 
Figure B.4 show that a bimodal distribution is obtained at low relative supersaturation 
after 5 s sonication. For longer times the distribution becomes unimodal because the 
crystals formed grow in time. For high relative supersaturation instead, no bimodal 
distribution is detected at any time. In the last case the high quantity of solute in the 
system allows to have a higher nucleation rate, producing consequently smaller and 
more homogeneous crystals. 
The formation of bimodal distributions could be explained by the mechanism of 
the minimum energy supplied to the system for primary nucleation, introduced by 
Miyasaka et al. [147,177], which says that there is a correlation between the energy 
supplied by the system and the supersaturation. For example, at 98 kHz with low 
supersaturation and high power a growth is detected after 90 s, so no new nuclei have 
been produced. This is probably because at that point the supersaturation of the system 
is too low and the power is not high enough for generating new nucleation centres. 
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Another example is 98 kHz with high supersaturation and low power. In this case new 
smaller crystals are detected at 45 s, when probably the system has reached the amount 
of energy necessary for forming new nuclei, due to the low power. Finally, with 300 
kHz it is possible the energy supplied is lower than 98 kHz, since high frequencies are 
less efficient for crystallisation, therefore when low supersaturation is used growth is 
detected. Since this theory concerns the primary nucleation, these observations could 
be in favour of thinking that primary nucleation is affected by sonication. The 
phenomena of growth identified in some cases could not be explained by secondary 
nucleation induced by sono-abrasion. 
 
Figure 5.12. Comparison in terms of average crystal size by volume as a function of time in 
Continuous US for 98 kHz (left) and for 300 kHz (right), at different supersaturation conditions 
and calorimetric powers. The lines are drawn to guide the eyes. The error bars showed in the 
graph are standard deviations calculated from three repetitions. In case of two repetitions, the 
single values of the two have been reported separately. 
5.4 Summary 
Results obtained at the lower supersaturation are similar to those obtained at high 
supersaturation. That is, it is not necessary to sonicate all along the crystallisation 
process, and short sonication time at the beginning of the process is sufficient. The final 
plateau is approached more quickly than in silent conditions, confirming the positive 
effects of US on the crystallisation rate. The results obtained agree with the conclusions 
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inferred at high supersaturation, that is sonication is mainly affecting the nucleation 
step. 
Working at low supersaturation and at low power allows differences among the 
frequencies to be easily observed. In agreement with what known in the literature, 
higher frequency produces larger crystals with broader PSD since the effects of 
sonication are less intense. In addition, for higher frequencies the final plateau is 
reached at longer times respect to lower frequencies. This is probably related to a 
different type of cavitation activity: at high frequency the bubbles are smaller and their 
collapse strength is weaker. Furthermore, bimodal distributions are generated with all 
the frequencies considered. At low frequency smaller crystals are produced because of 
sonication, hindering as consequence the crystal growth. However, when higher 
frequencies are used, growth is detected together with a bimodal distribution, 
indicating that the formation of smaller crystals is more limited, and the solute 
available in solution is used for a subsequent growth of the particles already formed. 
Finally, when a system is sonicated with low frequency, the final crystal size 
produced does not depend significantly on the relative supersaturation. On the other 
hand, with high frequency evident differences are observed for different relative 
supersaturations, probably because of the less intense effects caused by higher 
frequencies. Furthermore, a final product with a bimodal distribution is promoted by 
low relative supersaturation and low power, both for low and medium frequency 
studied. This is because in these conditions the efficiency of sonication decreases, 
therefore US is not able to totally control the system for guaranteeing a homogenous 
product in terms of size. These phenomena could be explained using the theory of the 
minimum energy supplied to the system for primary nucleation, which correlates the 
amount of energy required basing on the supersaturation of the system. On the other 
hand, sono-abrasion does not seem adapt for clarifying some of these phenomena. 
Therefore, these observations could support the influence of sonication on the primary, 
instead on secondary nucleation. 
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Chapter 6  
Sonocrystallisation of ZIF-8 with High Excess 
of Ligand 
This chapter presents the results obtained for a reactive crystallisation, the 
sonocrystallisation of ZIF-8 in water using high excess of ligand (molar ratio of metal 
: ligand is 1 : 70). The experiments focus on studying the impact of sonication on the 
main MOFs crystal properties, such as crystallinity, purity, crystal size, morphology 
and BET surface area. The comparison between effect of sonication, mixing and in 
silent conditions is also investigated in this study. The variable parameters 
investigated are: frequency, calorimetric power, reaction/sonication time and mixing 
speed. The sonication conditions are the same as those used in the previous chapters 
for antisolvent crystallisation. Some of the experimental data have been collected by 
Gaëlle Varlet, Erasmus student from Universitè de Franche-Comté (Besançon, France), 
under the author’s supervision. The author has plotted all the data and interpreted all 
the results presented in this chapter. 
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6.1 Introduction 
There are many reports on the use of sonochemical route for synthesising MOFs 
as explained in Section 2.4. First of all, the sonochemical route is the quickest and is in 
perfect agreement with the principles of Green Chemistry (Figure 2.5). Furthermore, it 
is well-known that sonication contributes to the formation of nanomaterials and 
nanostructured materials [248,249]. Many applications require nano-MOFs, i.e. for 
producing thin nano layers on membranes, for catalysis or for nanoreactors. For all 
these reasons it is logical to think that US can be used to improve MOFs production. 
As it is presented in Section 2.4, the effects of sonication on MOFs are still unclear 
and the observations collected for different MOFs often contradict each other, limiting 
the full potential of applying US in MOFs synthesis. In general, the main effects are 
decrease in crystal size [98,100,102,116,141] and morphology transformation [96,107]. 
However, overall no effects have been detected on the purity [101–103,115], while 
inconsistent results have been reported on the surface area and porosity [97–
99,102,115,141]. These inconsistencies are certainly related to the large differences 
among the different MOFs: different structures, different bonds and different synthetic 
routes. In addition, sonocrystallisation of MOFs are limited and are usually carried out 
using different ultrasonic systems: horn or ultrasonic bath. It is well known that the 
comparisons between the two are very difficult, since there are important differences 
on the cavitation activity [33,37,82]. 
A systematic study on a specific system, using the same ultrasonic set-up, is 
necessary to better understand the effects of sonication on MOFs. ZIF-8 could be 
considered as a good system to study because it is stable in water, which is an 
important feature considering the presence of water in many applications. 
Furthermore, ZIF-8 is one of the most studied MOFs in the literature and many 
synthetic routes have been explored [119,120,130,131,135–140,250,251]. It has been 
demonstrated that ZIF-8 can be produced in DMF, methanol, alcohols and water, as it 
is summarised in Table 2.2. In particular, water is considered an interesting solvent 
because it is very common, economical and environmentally friendly. However, 
water-based synthesis of ZIF-8 usually requires a high excess of ligand to improve the 
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deprotonation of the ligand, which is lower in water than in other organic solvents 
[130]. Many attempts have been made for improving the hydrothermal synthesis 
(Section 2.4.2), but sonication has not been considered yet as a possible technique to 
apply to the water-based synthesis of ZIF-8. 
Although for ZIF-8 there exists reports on the use of sonication [116,141–143], the 
influence of frequency and power have not been explored. Understanding how these 
ultrasonic parameters affect the synthesis could clarify the inconsistencies from the 
literature. In addition, it is possible to find the optimum conditions for synthesising 
ZIF-8 in water. Another important parameter that will be considered is the influence 
of sonication time. For the antisolvent sonocrystallisation of sodium chloride, for 
example, it has been concluded that it is not necessary to sonicate the duration of the 
entire crystallisation period, but only for a short amount of time at the beginning. 
Hence, this possibility can also be explored for this system. 
In this chapter, a water-based synthesis of ZIF-8 has been studied following the 
procedure proposed by Pan et al. [120] involving a high excess of ligand (molar 
proportion metal : ligand as 1 : 70). Sonication has been applied using different 
frequencies and powers for different times. Experiments with different mixing speeds, 
and in silent as control study, have also been considered for comparison. The effects of 
different synthesis methods have been studied in terms of purity, yield, crystals size, 
morphology and BET surface area. 
6.2 Results 
All the results here presented have been studied as function of calorimetric power, 
rate of I3- formation and SCL intensity. However, no correlations have been found 
between ZIF-8 properties and cavitation activity quantified as described in Sections 
3.1.1, 3.1.2 and 3.1.3. Since the general trend is that increasing calorimetric power there 
is an increase of both rate of I3- formation and SCL intensity, i.e. they are consistent, it 
has been chosen for simplicity to use the calorimetric power as reference for 
quantification of the cavitation activity. 
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6.2.1 XRD 
The XRD pattern (Figure 6.1) of all the samples crystallised under silent, mixing 
and sonication showed that pure ZIF-8 was always produced, independently of the 
conditions used for its synthesis. In Figure 6.1 only some of the spectra collected are 
reported, together with the simulated pattern of sod-ZIF-8. In general, no influence of 
time has been detected and no differences have been observed among silent, mixing 
and sonication. Furthermore, mixing speed does not have any impact, and when 
sonication is applied, neither frequency nor calorimetric power affect the crystallinity 
of the final product obtained. It is important to highlight that both dosimetry (Figure 
3.3) and SCL images (Figure 3.5) have proved that cavitation activity is present in the 
system. All the spectra are in agreement with previous results presented for ZIF-8 
synthesised in water at high molar ratio metal : ligand (≥ 35) [120,130,131,136]. 
 
Figure 6.1. XRD patterns comparing silent and mixing conditions for different times (left), and 
with US varying frequencies and powers (right). The simulated pattern of sod-ZIF-8 is from the 
CIF file Refcode: VELVOY01, CCDC: 602542. 
6.2.2 TGA 
Similarly, TGA results do not show any influence of reaction/sonication times, nor 
impact of mixing speed, frequency and power (Figure 6.2). In any synthesis condition 
considered, the sod-ZIF-8 produced present high purity. This is clear from Figure 6.2, 
that no loss of mass is detected until 400°C, when ZIF-8 degradation starts. This means 
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that no guest molecules (impurities or solvent residuals) are present in the samples 
produced. Similar results have been obtained by Kida et al. [131] for a molar 
proportion metal : ligand of 1 : 60. 
 
Figure 6.2. TGA curves comparing silent and mixing conditions (left), and with US comparing 
different frequencies and powers (right). 
6.2.3 Yield 
The results for the yield calculated with respect to the metal (Appendix C, Figure 
C.1) showed similar observations to those already obtained for XRD and TGA, that is 
the yield is not affected by the reaction/sonication time, power, frequency and mixing 
speed. Silent, mixed or sonicated experiments do not present any significant 
differences, and the yield remains around 70 - 90% (Pan et al. [120] obtained ~ 80%), 
with large error bars. These large error bars are probably due to the recovery step, i.e. 
the centrifugation. MOFs in fact are usually very porous and consequently very light; 
therefore, their separation is difficult, especially when they are in the form of 
nanoparticles. Very powerful centrifuges are needed (≥ 10000 rpm), in some cases 
ultracentrifuges are used for recovering the highest quantity of product possible. This 
means that the value of the yield does not only depend on the synthesis, but it is also 
related to the efficiency of the post treatments (washings and centrifugations). 
Therefore, analysing the yield calculated it is important to also consider these issues. 
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The conclusion is that the values of yield obtained are all similar and they do not 
present specific trends. 
6.2.4 Crystal morphology 
SEM images of the MOFs crystallised under silent and mixing conditions are 
reported in Figure 6.3, and under different US conditions are in Figure 6.4. In silent 
conditions the crystals are more spherical at 5 s (Figure 6.3i), while they have truncated 
faces at 300 s and they are larger (Figure 6.3ii). This observation on the morphology 
change as a function of time is in agreement with the report by Kida et al. [131]. On the 
other hand, if mixing was applied (Figure 6.3iii - vi) the crystals obtained at 300 s are 
rounder and smaller compared to the silent condition obtained at 300 s. No significant 
differences were detected with increasing mixing speed from 298 to 1172 rpm. When 
sonication was applied (Figure 6.4), the crystals generated are round and small, 
similarly to what obtained with mixing. In addition, growth was detected between 5 
and 300 s. However, it is clear in Figure 6.4 that the influence of both frequency and 
power is minor. 
 
 
Figure 6.3. SEM images of ZIF-8 crystals obtained in silent and mixing conditions at 5 s and 300 
s. 
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Figure 6.4. SEM images of ZIF-8 crystals obtained in sonicated conditions for different 
frequencies and powers after 5 s and 300 s. 
6.2.5 Crystal size 
In Figure 6.5 the average crystal size based on number as a function of time is 
presented for different mixing speeds (298, 562 and 1172 rpm) and sonication (98 kHz 
0.06 W, 98 kHz 0.55 W, 300 kHz 7.52 W and 1 MHz 2.78 W) synthesis conditions. The 
average crystal size obtained in silent conditions is in line with the previous results 
presented by Jian et al. [136]: the crystal size was around 0.12 µm with a molar 
proportion metal : ligand : water equal to 1 : 70 : 1280 under no stirring conditions. On 
the other hand, the values obtained under mixing conditions are in line with the results 
of Pan et al. [120], who produced nanocrystals with size around 0.085 µm when stirring 
is applied during the reaction, but no indications on the mixing speed are available.  
Figure 6.5 shows that, in all conditions studied, a plateau is reached after 30 s of 
synthesis and no more growth is observed after the initial step. In addition, the use of 
mixing or sonication decreases the crystal size (~ 0.11 µm) with respect to the silent 
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conditions (~ 0.14 µm) at the same extent. However, the crystal size obtained after 5 s 
sonication is slightly smaller (~ 0.08 µm) than that one produced with 5 s mixing (~ 
0.095 µm), but the size after 300 s is the same with both techniques (~ 0.10 µm). 
 
Figure 6.5. Average crystal size based on number fraction, comparing silent and mixing 
conditions (left), and with US comparing different frequencies and powers (right). The lines are 
drawn to guide the eye. In case of two repetitions, the single values of the two experiments 
have been reported separately. 
Mixing speeds above 298 rpm has clearly no impact on the crystal size.  In addition, 
no clear influence of frequency or calorimetric power has been detected, as it is clear 
from Figure 6.5 right and Figure C.2, where the average crystal size of 300 kHz and 1 
MHz for different calorimetric powers are reported. Similar particle sizes are in fact 
obtained despite synthesised under different frequencies and powers. The only 
exception could be 300 kHz 7.52 W, which seems to cause a stronger size reduction. 
This could be related to the stronger cavitation activity. In order to clarify this point, 
in Figure 6.6 the average crystal size obtained after 300 s has been reported as function 
of calorimetric power for each frequency. The main jump is between silent conditions 
(0 W) and the use of US, but no effect of frequency is observed. Furthermore, at 
calorimetric powers below 4 W there does not appear to be a correlation between 
calorimetric power and the crystal size, with the crystal sizes fluctuating around 
similar values. A small correlation is only observed for 300 kHz at calorimetric powers 
higher than 4 W where the crystal size decreased slightly with increasing power. To 
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confirm this trend, experiments at higher calorimetric powers are probably needed. 
However, the set-up used here was limited in terms of maximum power supplied by 
the amplifier and maximum temperature of the bath for avoiding the damaging the 
transducers. Therefore, considering the results here presented it is not possible to 
guarantee a clear dependence of the crystal size on the calorimetric power. It is 
important to underline that the experiments were run at high excess of ligand: this 
could “hide” differences among the conditions studied, making difficult the 
recognition of specific trends. 
 
Figure 6.6. Average crystal size as function of calorimetric power for each frequency studied, 
considering 300 s synthesis. The error bars showed in the graph are standard deviations 
calculated from two repetitions. The lines are interpolations drawn to guide the eye. 
Analysis on the broadness of the PSDs calculated have also been conducted. In 
Table 6.1 the standard deviations calculated for each PSD at different synthesis 
conditions have been reported, giving an indication of how the broadness changes at 
the different conditions and along the time. Furthermore, some of the PSDs calculated 
are reported in Figure C.3, for silent, mixing and sonicated conditions. In silent no 
variations are detected with time, while for all the other conditions the standard 
deviation seems to slightly increase for longer times, especially between 5 and 30 s. 
There are no significant differences between mixing and sonication, and no trend is 
observed changing mixing speed, frequency or calorimetric power. The large 
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difference is essentially between silent conditions and all the other conditions studied, 
both with mixing and US. 
Table 6.1. Standard deviations of PSDs based on number for each condition studied, for 
analysing the broadness. In case of two repetitions, the single values obtained from the two 
experiments have been reported separately. 
Time [s] Silent 
Mixing 98 kHz 
298 rpm 562 rpm 1172 rpm 0.06 W 0.05 W 0.53 W 0.55 W 
         
5 0.034 0.019 0.019 0.016 0.020 0.012 
0.019 
0.016 0.014 
0.016 
30 0.038 0.016 
0.019 
0.026 0.021 0.021 0.018 0.021 0.019 
0.022 
300 0.031 
0.032 
0.022 
0.023 
0.019 
0.024  
0.020 0.020 0.020 0.022 0.021 
 
Time [s] 
300 kHz 1 MHz 
1.32 W 3.24 W 5.34 W 7.52 W 0.21 W 1.13 W 1.96 W 2.78 W 
         
5 0.012 0.015 0.018 0.013 
0.014 
0.015 0.016 0.016 0.011 
0.013 
30 0.021 
 
0.018 0.018 0.012 0.020 0.019 0.018 0.021 
300 0.017 
 
0.024 0.019 0.021 0.021 0.023 0.021 0.022 
 
6.2.6 BET surface area 
In all conditions studied, the isotherms were Type I, indicating that the material is 
microporous [252,253], normally associated with ZIF-8 crystals [119,120,130,131]. Some 
isotherms obtained are reported in Figure C.4 as example. The surface area calculated 
from the BET results are reported in Figure 6.7, for mixing (Figure 6.7 left) and 
sonicated (Figure 6.7 right) conditions. No significant influence of time on the BET 
surface area or trends have been detected in all the conditions investigated (Figure 
C.5), in agreement with previous studies with US, where sonication time is not 
affecting the BET surface area [99,143]. Therefore, we decided to focus on the possible 
effects of mixing and sonication parameters instead, and each single point in Figure 
6.7 represents the average BET surface area and the standard deviation calculated for 
the three times between 5 and 300 s. In general, the values of BET surface area obtained 
are larger than those ones presented in the literature for water-based systems (see 
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Table 2.2). This may be attributed to the assumptions made for calculating the BET 
surface area on microporous materials have been used [233–235] (see Section 3.3.2). 
In Figure 6.7 left, mixing seems to affect the BET surface area, where the surface 
area increased when mixing speed increased as well. On the other hand, when 
sonication was applied, for each frequency, a too high calorimetric power caused a 
decrease in the BET surface area towards the value obtained in silent condition. 
Furthermore, the BET surface area of ZIF-8 synthesised with US is in general slightly 
higher than the value obtained in silent, comparable to the values at 298 and 562 rpm. 
Nevertheless, it is important to notice that all the BET surface areas are very similar in 
case of sonication (between 1500 and 2000 m2/g), especially considering the error bars 
calculated. Therefore, finding a clear trend is not easy. 
 
Figure 6.7. BET surface area as function of mixing speed (left) and calorimetric power for three 
frequencies (right). Each point is the average calculated from the values obtained at different 
times (5 s, 30 s and 300 s) and the error bars are the relative standard deviations. 
It is evident that a direct comparison between mixing and sonication is not possible 
in Figure 6.7, because the former depends on the mixing speed, while the latter 
depends on the cavitation activity, here represented in terms of calorimetric power. 
For having a direct comparisons, it is possible to report the data of BET surface area as 
function of Segregation Index (SI). This indicates the level of micromixing in the 
system, therefore being independent of the technique used for inducing the 
micromixing. In Figure 6.8 the values of BET surface area are reported as function of 
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SI, estimated for each condition (except from silent) as indicated in Chapter 3. No direct 
correlation between BET surface area and Segregation Index has been observed. Only 
in case of mixing, the highest BET surface area corresponds to the lowest value of 
Segregation Index, where the error bars calculated are also smaller. In case of 
sonication instead, the surface area does not depend on the Segregation Index, staying 
flat between 1500 and 2000 m2/g, considering that the error bars in this case are larger. 
 
Figure 6.8. BET surface area as function of Segregation Index. Each point is the average 
calculated from the values obtained at different times (5 s, 30 s and 300 s) and the error bars are 
the relative standard deviations. For silent conditions, two dotted lines are reported, indicating 
the range of values calculated from average and error bars. 
6.3 Discussion 
From the results obtained, in a water-based synthesis at room temperature with 
high molar proportion metal : ligand (1 : 70) sonication only influences crystal size (2-
times fold decrease with respect to silent) and morphology. In addition, similar effects 
are obtained with mixing. When sonication or mixing are applied to the synthesis, the 
crystals generated were smaller with narrower PSD than in silent (almost nanocrystals) 
and with round edges, instead of truncated faces obtained in silent condition. Pure 
crystalline ZIF-8 was produced in any condition studied (silent, mixing or sonication 
at different frequencies and powers), analogous to what reported in the literature for 
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other MOFs [101,103,107,114,115] and for ZIF-8 [116,141] made with US. In addition, 
the yield was not improved using sonication nor mixing respect to the silent condition. 
However, this could be related to the high molar proportion metal : ligand, which is 
probably responsible for increasing the crystallisation rate at a point in which no 
further improvement is possible. Furthermore, US slightly increased the BET surface 
area respect to the silent conditions, reaching values analogous to those obtained with 
mixing up to 562 rpm. Moreover, at each frequency a maximum of BET area was 
observed, followed by a decrease when the calorimetric power was too high. Finally, 
a clear positive effect was detected when high mixing speed was applied in the system.  
Similar conclusions were found also for the reaction/sonication time. Time affects 
only the crystal size, and morphology only in silent conditions. Crystals mainly grew 
in the first 30 s of reaction, for reaching a final plateau. In silent the morphology 
changed between 5 and 300 s, from round particles to crystals with truncated faces, 
while with mixing or sonication round particles were detected at any time. On the 
other hand, purity, yield and BET surface area were not influenced by time. Therefore, 
even in silent condition a pure product with high surface area could be generated with 
only 5 s synthesis instead of 300 s as previously indicated from Pan et al. [120]. In 
addition, using mixing or US for 5 s it is possible to obtain even smaller crystals in the 
nanosize region (70 – 90 nm). 
The main impact of US is on the crystal size, as it has been observed previously for 
other systems in which sonication has been applied [94,96–101,103–105,107,116,141]. 
The effects of US and mixing seem to be analogous because similar reduction in size 
has been detected also with mixing. It is possible that sonication increases the number 
of nucleation centres, producing smaller crystals as a consequence. In addition, the 
growth is also inhibited because of sono-deagglomeration phenomena (see Section 
2.5.4.2). Therefore, similar to the sodium chloride system, sonication seems to affect 
the nucleation step. Furthermore, it has been observed that crystals made with only 5 
s sonication were smaller than those ones obtained with 5 s mixing (Figure 6.5). This 
could suggest that the influence of sonication on the nucleation step is even stronger 
than the one of mixing, because US could produce much more nuclei than mixing, 
obtaining as consequence smaller crystals after the same reaction time. 
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In the case of MOFs synthesis, it is difficult to identify which nucleation is mainly 
influenced, primary or secondary. On the one hand, it is possible that the internal 
movement caused by sonication or mixing could homogenise the solution, so it is 
possible to have more points in which the local supersaturation is high enough for 
starting the crystallisation, i.e. primary nucleation is increased. On the other hand, 
mixing or sonication could affect secondary nucleation through collision and fluid 
shear phenomena, causing attrition and solute layer removal [66]. In both cases the 
final effect is the rapid increase of number of nuclei. Coarse fragmentation is excluded 
for the MOFs synthesis, as for sodium chloride, since no fragments are formed: the 
crystals have regular round shape with narrower PSD, features difficult to find for 
irregular fragments.  
Another possible explanation is the influence of sonication/mixing on the pH of 
the solution, which can affect the formation of ZIF-8 as it has been explained in Section 
2.4.2.1. The pH should be basic enough for assuring the deprotonation of the ligand. 
However, the possibility that sonication or mixing could change the pH is very low. 
pH mainly depends on the type of solvent used and on the temperature. However, US 
did not increase the bulk temperature more than 5 – 6 °C, assuming that the nucleation 
occurred all along the reaction (max 5 min) as worst-case scenario. Therefore, a change 
in pH responsible for reducing the crystals size is not expected with such a so small 
variation in temperature. In addition, in mixing conditions temperature, and as 
consequence pH, are considered to remain almost constant, but the same size 
reduction of US has been observed. Considering the steps proposed in the literature, 
sonication and mixing mostly seem to affect the coordination between metal and 
ligand, instead of the deprotonation. This is also proved by the yield, which is almost 
the same in all the conditions studied. If an effect on the deprotonation was expected, 
the yield should be higher or lower. 
There are no previous studies in the literature about the influence of mixing speed 
on the BET surface area for MOFs. One study on Cu3(BTC)2 showed that increasing the 
mixing speed the BET surface area decreases [254], but no explanations have been 
reported. For ZIF-8 it has been proven that the BET surface increases with reaction time 
[131,135]. One of the hypothesis of ZIF-8 formation [135] proposes an initial gel made 
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of a metastable phase from where ZIF-8 crystals start growing until a fully crystalline 
material is formed. Two mechanisms are responsible of this structural change, the 
solution-mediated transport and the solid-phase transformation, previously 
hypothesised for zeolites [255]. In the former, the species needed for building the 
framework are transported from the liquid phase to the nucleation site, while in the 
latter the transformation occurs inside the initial amorphous gel through internal 
reorganisation. Both mechanisms most probably are involved during the ZIF-8 
synthesis. Venna et al. [135] showed that for ZIF-8 the transition between amorphous 
and crystalline phase corresponds to an increase in the BET surface area, since it 
depends on the rearrangement of the building block in the crystal. The presence of an 
amorphous initial phase evolving toward a final crystalline phase was proved also by 
other works [137,138,140], confirming the similarities between zeolites and ZIFs. In the 
zeolite synthesis the role of agitation has been studied, even if its role is still unclear. 
Mixing can interact with many aspects of the reaction, such as reagents dissolution, 
initial gel formation, the break-up of the gel for starting the crystalline structure and 
the transport of the species from the solution [256]. Some studies [257,258] revealed 
that a high stirring speed could form a more homogenous and less dense amorphous 
phase, improving the crystallinity of the final crystals. Another work [259] showed that 
high mixing can cause shear forces responsible of modifying the growth of the zeolite 
toward a more stable phase. Considering all these observations, when the two reagents 
are mixed, high agitation could form a more homogeneous amorphous phase. After 
that, high mixing speed could reduce the initial transition phase, improving both the 
dissolution of the initial amorphous gel and the solution-mediated transport of the 
species. As consequence, the diffusion of the species from the solution to the nucleation 
centre is increased, accelerating the transformation toward the crystalline phase. 
Therefore, it is possible that a lower Segregation Index can result in the ZIF-8 having a 
higher BET surface area. 
On the other hand, sonication seems to behave differently because the BET surface 
area as function of the Segregation Index is almost flat (Figure 6.7 and Figure 6.8). It is 
well known that cavitation activity causes both microturbulence and shockwaves, 
which characterise the convection in the system [25]. The BET surface area of crystals 
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produced with US is generally higher than in silent condition because sonication 
increases the level of micromixing, as it is shown from the value of SI in Figure 6.8. On 
the other hand, the presence of shockwaves could negatively affect the surface area. In 
a previous work [143] on the sonication of ZIF-8 particles, previously made with a 
conventional synthesis in methanol, showed that the horn at 20 kHz caused localised 
defects on the crystal surface. In addition, pore blockages have been observed due to 
the recrystallisation induced by US. Bubble collapses could be responsible for phase 
transformations similar to what happens with shear forces induced by mixing [259], 
damaging at the same time the framework. It has been proved that during the crystal 
growth bridges are formed using non-framework species for stabilising the pores [137]. 
The shockwaves in a sonicated system could break these fragile bridges, reducing the 
internal porosity and the surface area. This hypothesis can also explain why increasing 
the calorimetric power at fixed frequency the BET surface area tends to slightly 
decrease towards the value obtained in silent conditions: in this case, the advantages 
of mixing are cancelled by the increase on collapse strength, reducing the BET surface 
area. Finally, looking at Figure 6.8, 98 kHz gives the lowest SI values, but the surface 
area is similar to the other frequencies used, probably due to the strong collapses 
typical of low frequencies [37], which completely removed the benefits of the high 
micromixing reached in the system. With regards to 300 kHz and 1 MHz, low values 
of BET surface area are reached at the highest calorimetric power (Figure 6.7 and 
Figure 6.8) because, even if the collapse strength is usually lower than for 98 kHz, the 
shockwaves would become important increasing the power.  
6.4 Summary 
A systematic study on the sonocrystallisation of ZIF-8 in a water-based system has 
been conducted, exploring different frequencies, powers and sonication time. 
Moreover, experiments at different mixing speeds and in silent conditions have been 
run for comparison. In general, no significant effects of time have been detected for 
crystallinity, purity, yield and BET surface area, while for crystal size a growth is 
observed between 5 and 30 s, before reaching a plateau. Both US and mixing mainly 
cause a crystal size reduction with respect to the silent condition producing 
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nanoparticles, but no differences or clear trends have been detected using different 
frequencies, calorimetric powers or mixing speeds. On the other hand, crystallinity, 
purity and yield were not affected by any condition considered. It has been 
hypothesised that US and mixing probably influence the nucleation step, increasing 
rapidly the number of nucleation centres and consequently hindering the growth. In 
addition, it has been concluded that the effects of sonication on the nucleation are 
higher than for mixing. Effects on the pH have been excluded, considering that 
solvents and temperature are kept constant. 
Finally, the BET surface area increases with higher mixing speed. With sonication, 
instead, the BET surface area reached is lower than the one attained with mixing, but 
slightly higher than with silent conditions. This behaviour could be explained by the 
competition between micromixing, which increases the BET surface area, and the 
shockwaves, which can break the framework decreasing as consequence the surface 
area. 
Therefore, the conclusion is that the synthesis of ZIF-8 in water can be shortened 
because pure crystals with high surface area can be obtained in only 5 s. Furthermore, 
with only 5 s US it is possible to obtain even smaller crystals (~ 80 nm). However, in 
general, sonication does not significantly improve the reaction nor the final product. 
The features of the crystals obtained resemble the ones produced by mixing except for 
the BET surface area: with high stirring speed the surface area produced is higher, 
while with sonication there is no significant improvement. 
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Chapter 7  
Sonocrystallisation of ZIF-8 with Low Excess 
of Ligand 
In the previous chapter, the sonocrystallisation of ZIF-8 was carried out under high 
excess of ligands where the reaction was complete in 30 s after which a plateau was 
reached. It has been concluded that sonication mainly influenced the crystal size, and 
similar effects has been observed when mixing was used. However, no differences 
have been detected varying mixing speed, or frequency or power. This fast reaction at 
high excess of ligands may have masked the effect of ultrasound frequency and power. 
Furthermore, using a high excess of reagents negatively affects the convenience of the 
process. Therefore, this chapter will study the same system (i.e. silent conditions, 
mixing and sonication at different frequencies and powers) as in Chapter 6, but using 
a lower quantity of ligand. Furthermore, special attention has been given to the 
influence of time, a parameter often left aside, but of basic importance for optimising 
both process and product. 
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7.1 Introduction 
In water-based synthesis of ZIF-8 a high excess of ligand is usually used because 
the deprotonation extent is lower with respect to the other solvents [130]. The reaction 
considered in the previous chapter worked with a molar proportion metal : ligand : 
water = 1 : 70 : 1238, based on the work of Pan et al. [120]. The lowest molar ratio metal 
: ligand explored was 1 : 2 [132]; however, ammonium hydroxide and a surfactant were 
necessary for obtaining pure sod-ZIF-8. Tanaka et al. [130] studied the reaction varying 
molar ratio from 1 : 4 up to 1 : 100, but no sod-ZIF-8 was obtained until the molar 
proportion was increased beyond 1 : 20. Furthermore, the material produce at 1 : 4 had 
very low BET surface area (< 150 m2/g). Other attempts have been done by Kida et al. 
[131] with a minimum molar ratio of 1 : 20, but the material was obtained in an 
aggregated form with low BET surface area (< 800 m2/g), therefore it was not possible 
to distinguish the single particles. However, studying the effect of the amount of water 
in the system, it was demonstrated that sod-ZIF-8 could be obtained with good BET 
surface area (> 1300 m2/g) when the amount of water was decreased (< 1339 in molar 
proportion). Also Jian et al. [136] did not manage to obtain ZIF-8 for molar proportion 
lower than 1 : 35. Moreover, it should be noticed that these studies are usually 
conducted at fixed reaction times, while only one work reported the effect of time (up 
to 24 hr) for a molar proportion 1 : 60 [131]. The work showed that increasing the 
reaction time the crystallinity did not change, but the BET surface area increased up to 
a plateau (1550 m2/g). 
Similar to what has been done for the sodium chloride crystallisation, it has been 
chosen to study the influence of reaction time. This is because in the literature this 
parameter has not been studied systematically. In addition, from the previous chapters 
it has been concluded that the same product can be obtained in shorter times, 
especially when sonication is applied. Therefore, the study of this parameter can be of 
great importance because it is the base of the optimisation of both process and final 
product. 
Keeping the same set-up used in the previous chapter, it has been chosen to work 
with a molar ratio metal : ligand : water = 1 : 5 : 1220. The molar ratio for the ligand has 
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been selected a lot lower than the one used in Chapter 6 for studying a very different 
system from the previous one. Furthermore, not many works exist for low excess of 
ligand (less than 1 : 20) in a water-based synthesis of ZIF-8. In this chapter,  the reaction 
will be studied under silent conditions at different reaction times first, considering that 
there are no data in the literature using this molar proportion. After that, mixing is 
considered, using two different speeds, and varying the reaction time. Finally, 
sonication is applied to the silent system, varying frequency, power and sonication 
time. 
7.2 Results 
Similar to the previous chapter, all the results are presented in terms of 
calorimetric power for simplicity, because no correlations have been found between 
ZIF-8 properties and dosimetry or SCL intensity. 
7.2.1 Silent 
The XRD patterns for water-based synthesis of ZIF-8 with molar ratio of metal : 
ligand 1 : 5 at different reaction times under silent and mixing conditions are presented 
in Figure 7.1 left and right, respectively. Comparing with the simulated pattern of sod-
ZIF-8, the material produced is still ZIF-8 with reaction times up to 10 hr (silent) and 
40 min (mixing). However, a contamination of other products is visible from the 
beginning of the reaction at only 5 s, indicated by a visible peak around 11° (see black 
arrow in the patterns in Figure 7.1). This peak intensity at 11° increases as a function 
of reaction time and becomes comparable in intensity with the main peak of ZIF-8, at 
~ 7°. In addition, other peaks can be observed at 10 hr in silent and 40 min with mixing, 
which do not correspond to the simulated pattern of ZIF-8. These peaks have been 
reported before by other authors such as Tanaka et al. [130] at molar proportions of 1 : 
4 and 1 : 20, Kida et al. [131] for 1 : 20 (both under stirring) and Jian et al. [136] for 1 : 
10 in silent conditions. In particular, Kida et al. hypothesised traces of Zn(OH)2 (JCPDS: 
01-089-0138), Zn(OH)(NO3)(H2O) (JCPDS: 01-084-1907) and Zn5(OH)8(NO3)2(H2O)2 
(JCPDS: 01-072-0627) as the cause of the contamination. The peak highlighted by the 
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black arrow should belong to the Zn(OH)(NO3)(H2O). Furthermore, they have found 
other low intensity peaks (e.g. 7.8° and 11.5°) which were also detected in our XRD 
patterns, but do not correspond to any known compounds. However, here we are 
showing that there is an evolution in the system, where the concentrations of the by-
products increase in time. In addition, the same pattern obtained in silent at 10 hr is 
observed earlier at 40 min when mixing is applied. Both stirring speeds considered 
gave the same pattern at the same time. 
 
Figure 7.1. XRD patterns for silent conditions (left) and with mixing varying stirring speed 
(right) for different times. The simulated pattern of sod-ZIF-8 is from the CIF file Refcode: 
VELVOY01, CCDC: 602542. 
TGA has been performed for selected samples and the results are presented in 
Figure 7.2. With a reaction time of 5 s, although the XRD showed the presence of by-
products (black arrow in Figure 7.2a), the TGA curves for both silent and applied 
mixing exhibit very similar curves to the ones reported for the pure ZIF-8 made with 
molar proportion 1 : 70 (Figure 6.2). The material remains stable up to 400°C before the 
degradation begins, indicating no guest molecules are present in the ZIF-8 produced 
with molar proportion 1 : 5 at 5 s. However, the TGA curves with reaction time of 20 
min (Figure 7.2b) showed different results. In silent conditions the product is still pure 
and stable up to 400°C, while with mixing a first decrease in mass is detected around 
270°C, more evident at high stirring speed. This step down in mass is probably 
attributed to the presence of other compounds that degrade at a lower temperature 
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than the ZIF-8. After that, the decomposition of the majority of the product occurs at 
400°C, confirming that the product is still mainly ZIF-8, despite small contaminations 
of other by-products. This is confirmed by the curves obtained at 40 min (Figure 7.2c), 
where the decomposition at low temperature is detected for the samples produced 
with mixing and not in silent, in agreement with the XRD patterns (Figure 7.1). In 
addition, at 40 min the step is even larger than the one reported at 20 min, since the 
concentrations of the by-products increases along the time. 
 (a)  (b) 
 
(c) 
 
Figure 7.2. TGA curves comparing silent and mixing conditions at different stirring speeds at 
5 s reaction (a), at 20 min reaction (b) and at 40 min reaction. 
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Figure 7.3a shows some SEM pictures of ZIF-8 obtained at different reaction times. 
The crystals grew with time, keeping a round shape, until 40 min. At 10 hr two 
different forms were present in the sample: some small and round particles, and other 
crystals with plate-like morphology. This 2D structure has been observed by Jian et al. 
[136] with molar proportion metal : ligand = 1:10 and 1:20 after 24 hr in silent 
conditions. In Figure 7.3b the crystals obtained with mixing are reported up to 40 min. 
The system starts with round shaped crystals at 5 s that grows in size until at 20 min 
where ring like crystals are observed, and at 40 min plate crystals then dominate, 
similar to the ones obtained after 10 hr in silent conditions. 
(a) 
 
(b) 
 
Figure 7.3. SEM pictures for (a) silent conditions for different times and (b) with mixing for 
different times and stirring speeds. 
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The growth in silent conditions is confirmed by the PSDs reported in Figure 7.4. In 
addition, at 5 s the crystals made at high stirring speeds are smaller than those 
generated at low speed. PSDs have been calculated only for samples which TGA 
curves showed that the product behaves as pure ZIF-8. In this case the material can 
still be used as ZIF-8, so the evaluation of the PSD can be useful. However, it is 
important to underline that contamination has been observed since the early stages of 
the reaction, even if it is not possible to distinguish the secondary products from the 
SEM images. Therefore, caution is needed when PSDs are considered because crystals 
of that are not ZIF-8 may be included in the calculation. 
 
Figure 7.4. PSD calculated based on number for silent conditions along the time (left) and with 
mixing at different stirring speeds at 5 s (right). The data points are number fractions from one 
experiment for each PSD and the curves are drawn to guide the eye. 
In a system in which by-products are formed along the reaction it is difficult to 
discuss about yield. In addition, the observations made in Section 6.2.3 about the 
influence of the post treatment on the yield are still valid for these experiments. 
Therefore, considering the TGA results, the yield has been calculated only for 5 s 
reaction, even though there are traces of contamination present at the early stages. At 
5 s in silent condition the yield is around 65 - 80 %, without significant differences 
between silent and mixing conditions.  
The BET surface area was evaluated for silent and mixing conditions at different 
times, and shown in Figure 7.5. The values obtained in mixing conditions are stopped 
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at 20 min because beyond this time the contamination of the product is too high. It is 
evident that the surface area is higher in silent conditions than in mixing, confirming 
the results obtained from the XRD patterns (Figure 7.1), that the product quality 
decreases when mixing is applied. Furthermore, no significant differences are detected 
with varying stirring speed. This is in contradiction with what observed when high 
molar ratio is used, that is the BET surface area was higher with mixing than in silent 
and increased with stirring speed (Figure 6.7). Finally, it is interesting to notice that the 
BET area of the material produced in silent is on average higher than the one obtained 
in high excess of ligand (Figure 6.7). In addition, some nitrogen adsorption isotherms 
are reported in Figure D.1 in Appendix D. 
  
Figure 7.5. BET surface area as function of time comparing silent and mixing conditions at 
different stirring speeds. The lines are drawn to guide the eye. 
7.2.2 Continuous US 
7.2.2.1 Influence of frequency and power 
Different frequencies and powers have been applied to a 5 s total reaction and the 
XRD patterns of the products obtained are reported in Figure 7.6. The presence of by-
products has also been observed (black arrows) with these sonication conditions. All 
the patterns reported were very similar, and no significant differences were detected 
varying frequency or calorimetric power. 
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Figure 7.6. XRD patterns obtained at different frequencies and powers in 5 sonication. The 
simulated pattern of sod-ZIF-8 is from the CIF file Refcode: VELVOY01, CCDC: 602542. 
SEM pictures are shown in Figure 7.7, for 300 kHz and 1 MHz at the minimum and 
the maximum calorimetric power studied for each frequency. The PSDs are reported 
in Figure 7.8; however, the same caution as in silent and mixing conditions is needed, 
due to the presence of the by-products. No trends have been observed at different 
frequencies and powers, since for 300 kHz the size seems to increase with increasing 
power, while for 1 MHz a higher amount of smaller crystals is produced when power 
increases. In general, from both SEM pictures and PSDs, bimodal distributions are 
obtained: after only 5 s sonication, the product is a mix of small and large crystals. This 
is in contrast with silent and mixing conditions, in which after 5 s the particles are more 
uniform both in shape and size (Figure 7.3). 
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Figure 7.7. SEM images of products obtained with different sonicated conditions with a 5 s total 
reaction. 
 
Figure 7.8. PSD calculated based on number for different frequencies and calorimetric power 
at fixed time (5 s). The data points are number fractions from one experiment for each PSD and 
the curves are drawn to guide the eye. 
Regarding the yield, no particular trends have been observed, and in general the 
yield obtained with sonication were similar to the values previously obtained for silent 
and mixing, around 65 – 80 %. Finally, the values of BET surface area calculated at 5 s 
(~ 1500 - 1600 m2/g) were similar to the one previously obtained in silent at 5 s, and no 
specific trends have been detected changing frequency or power. In addition, these 
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values are similar to those obtained in mixing. Some nitrogen adsorption isotherms are 
reported in Figure D.2. 
7.2.2.2 Influence of sonication time 
Fixing one frequency and one power (300 kHz, 5.34 W), the influence of sonication 
time has been studied. In Figure 7.9 the XRD patterns obtained at different times are 
reported. The results are similar to what has already been observed with mixing 
(Figure 7.1). There is a formation of by-products with time, displaying the same non 
ZIF-8 peaks as detected in mixing conditions. 
 
Figure 7.9. XRD patterns obtained at 300 kHz 5.34 W for different times. The simulated pattern 
of sod-ZIF-8 is from the CIF file Refcode: VELVOY01, CCDC: 602542. 
TGA curves (Figure 7.10) confirm this observation: the products obtained at 20 min 
in sonicated conditions degrades at a temperature lower than 400°C, suggesting the 
formation of other compounds. In addition, comparing the first step of degradation of 
the crystals produced with the one showed for 20 min of mixing (Figure 7.2), the 
decomposition of the material made with US is more pronounced and it also starts at 
lower temperature (~ 200°C). This could suggest that in sonicated conditions the 
formation of by-products is quicker than with mixing. 
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Figure 7.10. TGA curves for 300 kHz 5.34 W for different sonication times. 
The SEM pictures (Figure 7.11) show this transition, from the initial round particles 
after 30 s to the final irregular plate-like morphology after 40 min. Comparing with the 
pictures in Figure 7.3, 20 min of mixing produced a mixture of round crystals and 
others with ring shapes, while here with US after 20 min no more round particles are 
detected. 
 
Figure 7.11. SEM images of products obtained at 300 kHz 5.34 W for different sonication times. 
The yield did not change much along the time, remaining around 77 % until 15 
min. After this time the yield increased to ~ 90 %. This is attributed to the increase in 
the quantity of by-products as shown in Figure 7.11. In regard to the BET surface area, 
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the value stayed around 1900 m2/g until 15 min, before decreasing drastically to 849 
m2/g at 20 min. The values obtained after only 30 s sonication are similar to those in 
silent conditions after 3 min, and they are generally higher than the BET surface area 
obtained in mixing up to 20 min. Hence, US seems to guarantee a high value of BET 
surface area, until an excessive formation of by-products, causing a rapid decrease. In 
addition, the production of these compounds seems to be accelerated with sonication. 
Some nitrogen adsorption isotherms are showed in Figure D.3 
7.2.2.3 Effect of temperature 
The experimental set-up with US did not allow the temperature to be controlled in 
the solution. Therefore, for longer reaction times the temperature would increase. At 
the moment, it is unclear if this increase could be responsible for the by-product 
formation and/or its acceleration. 
Further experiments have been run in order to clarify the role of the temperature 
in this system. With 300 kHz and 5.34 W the final temperature reached after 40 min 
was around 37 – 38 °C. Considering this temperature, another frequency (1 MHz) and 
another power (2.78 W) have been chosen, keeping constant the time and the final 
temperature. Furthermore, another experiment with the highest stirring speed 
considered have been run, mixing at 37 – 38°C for 40 min. In Figure 7.12 the XRD 
patterns obtained for these experiments are presented, adding also the 1172 rpm for 40 
min at ambient temperature. The patterns obtained are all very similar: no effects of 
frequency, power, use of US or mixing at ambient or higher temperature. From these 
results, temperature does not seem to affect the reaction, while the total reaction time 
considered seems to control the formation of other compounds. 
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Figure 7.12. XRD patterns for materials produced with sonication varying frequency and 
power, or with mixing (1172 rpm) and at different temperatures, keeping constant the reaction 
time. The simulated pattern of sod-ZIF-8 is from the CIF file Refcode: VELVOY01, CCDC: 
602542. 
In Figure 7.13 TGA curves are reported, comparing silent and mixing conditions 
at ambient temperature and mixing at higher temperature, keeping constant the 
reaction time (20 min). With the same stirring speed and the same total reaction time, 
the TGA curves obtained do not change, suggesting that the same product was made 
in both conditions. Therefore, the results confirm that the temperature is not 
influencing the reaction, but the time. 
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Figure 7.13. TGA curves comparing silent conditions and mixing (562 rpm) at ambient 
temperature, and higher temperature for the same stirring speed, for the same reaction time (20 
min). 
SEM images (Figure 7.14) confirm that the transformation is essentially related to 
the time given to the system for reacting, and not to the temperature (up until 40°C). 
Yield and BET surface have not been calculated because the product obtained was 
never pure ZIF-8, therefore this type of study has not been considered useful for the 
scope of the work. 
 
Figure 7.14. SEM images of materials produced with sonication varying frequency and power, 
or with mixing (1172 rpm) and at different temperatures, keeping constant the reaction time. 
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7.3 Discussion 
The system with molar proportion metal : ligand = 1 : 5 has been studied in silent 
conditions, in mixing and with sonication. In all the cases considered, the product is 
subjected to a formation of other compounds different from pure sod-ZIF-8, 
characterised by low degradation temperature and low BET surface area. Traces of 
Zn(OH)2, Zn(OH)(NO3)(H2O) and Zn5(OH)8(NO3)2(H2O)2 and other unknown 
compounds have been detected in the XRD patterns, comparing the peaks obtained 
with those ones already presented and identified in the literature [131]. Some of these 
peaks are visible since the early stage of the reaction (black arrows), indicating that a 
contamination of the product characterises this molar proportion. However, TGA and 
BET surface area analysis showed that the ZIF-8 at short reaction time can still be 
considered of good quality, with high degradation temperature and high BET surface 
area similar to the pure phase. 
The formation of these by-products seems to be accelerated applying mixing or 
sonication. The 2D plate-like structure is obtained with mixing after only 40 min 
(Figure 7.3), while in silent at the same time the material still has features more similar 
to ZIF-8 (Figure 7.1 and Figure 7.3). Similar results have been obtained also with 
sonication after 40 min (Figure 7.11). No effects of mixing speed or US parameters 
(frequency and power) have been observed. On the other hand, another possible 
parameter has been identified, the temperature; however, further experiments have 
eliminated the effect of temperature (up to 40°C) indicating time as the main cause. 
In order to clarify this point, the peak at around 11° of all the XRD patterns, the 
one identified by the black arrow, has been considered as indicator of contamination 
in the material produced. As mentioned in Section 7.2.1, this peak most probably 
indicates the presence of Zn(OH)(NO3)(H2O), which is not the only by-product 
generated during the reactions studied. However, this peak is the only peak visible 
from the early stage of the reaction, while all the other peaks start being observed at 
longer times. This means that Zn(OH)(NO3)(H2O) is probably formed since the 
beginning, while all the other by-products need more time to be produced. Even if the 
peak at 11° cannot be considered as a precise indicator of the global contamination, it 
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helps on detecting the formation of impurities since the beginning of the synthesis, 
studying in particular what happens to Zn(OH)(NO3)(H2O) during the reaction. 
Therefore, the ratio between the peak intensity at ~ 11° and the main peak intensity of 
ZIF-8 at ~ 7° can quantify the relative level of purity of the product considered. This 
ratio has been called Relative peak intensity, and all the values calculated for the 
samples produced have been plot as function of both time and temperature in a scatter 
plot in Figure 7.15. A higher value of Relative peak intensity means that the material 
is more contaminated from Zn(OH)(NO3)(H2O). From the graph, it is easy to observe 
that the main effect on the relative peak intensity is from the time and not from the 
temperature. Some values of the relative index obtained at a temperature higher than 
30°C with mixing or US are still lower than 0.2, if a short reaction is considered. On the 
contrary, the highest values of the relative index are obtained at longer reaction times. 
The only exception is the silent condition, for which even at longer times (40 min) the 
relative peak intensity is lower than 0.2. As shown in Section 7.2.1, under silent 
conditions it takes 10 hr for the formation of by-products to appear (relative peak 
intensity of 1.145), indicating that this process is slower when there is no agitation in 
the system. 
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Figure 7.15. Relative peak intensity as function of both reaction time and temperature. The 
relative peak intensity is defined as the ratio of peak intensities at ~11° and ~7°, quantifying the 
relative level of purity of the product. The value of relative peak intensity for silent condition 
10 hr at 25°C is 1.145, not plotted here due to the time scale that is significantly longer than most 
of the data shown. 
The results suggest the system produces sod-ZIF-8 at the beginning of the reaction, 
but as the reaction time proceeds part of the zinc, that does not bind with the ligand, 
is binding with other counter anions in the system (NO3- and OH-) to form other 
compounds [131]. This can explain the presence of zinc nitrate hydroxides identified 
from the XRD patterns. It is especially valid when the molar ratio metal : ligand is 
lower than 1 : 20 [131], probably due to the pH of the solution. As it has been explained 
in Section 2.4.2.1, pH has an important role in the ZIF-8 production, in particular a 
more basic pH helps to increase the deprotonation of the ligand. The pH has been 
measured at the beginning of the reaction for low and high excess of ligand in silent 
conditions. It has been found that the pH was around 11 when a molar proportion of 
1 : 70 was used, while with 1 : 5 the pH was lower, around 8. A lower pH, in fact, would 
cause a lower deprotonation of the ligand; therefore, a lower amount of organic linker 
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is available for the reaction [130]. As a result, part of the metal present in the system 
would then start to make new bonds with other species, forming by-products. This 
behaviour can be confirmed by the addition of mixing and US, which seem to 
accelerate the formation of these impurities. This can be caused by the increase in mass 
diffusion in the system, improving the contact among reagents. In this way, the 
unreacted zinc can more easily form new bonds with the other groups present in the 
solution, originating the by-products. 
Comparing the results obtained at high excess of ligand in silent, it is possible to 
say that at a molar proportion of 1 : 5 can still produce good quality MOFs at short 
reaction times. Even if the XRD patterns showed that a contamination of other 
compounds is present, both TGA and BET surface area demonstrated that the product 
has similar features to pure ZIF-8. In addition, it could be possible to further purify the 
material obtained with an activation stage, using a temperature slightly higher than 
the degradation point of the by-products, if it is necessary to have pure ZIF-8 for a final 
application. The crystal size is also similar to what is obtained with molar proportion 
1 : 70 (~ 0.1 µm) when only 5 s reaction is considered. For longer times, the size 
increases but the product maintained its characteristics up to 20 min. In the literature, 
results with molar proportion 1 : 4 have been reported [130]. However, the material 
produced after 24 hr was not ZIF-8. In other works with molar proportion of 1 : 20 or 
lower [131,136] a mix of compounds in aggregated forms was obtained again after 24 
hr, and no sod-ZIF-8 was detected. However, the reasons of this unsuccess could be 
essentially two. The first is the quantity of water used. Kida et al. [131] demonstrated 
that the amount of water is important, in particular it should not be too high. No ZIF-
8 was obtained with a molar proportion of metal : ligand : water of 1 : 20 : 1339, while 
decreasing to 1 : 20 : 895 an XRD pattern similar to ZIF-8 was observed. In the 
experiments here presented, the quantity of water used (1220) allowed to obtain sod-
ZIF-8 even at low excess of ligand. The second reason is the effect of time. In the 
literature, when different molar proportions have been studied, the reaction time has 
never been considered in depth, while in this work it has been demonstrated that time 
is very important and can affect negatively the properties of the material produced. 
During the reaction, in fact, by-products are formed, causing contamination of ZIF-8 
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and decreasing the BET surface area; therefor,e it is important to stop the synthesis 
earlier than what reported in the literature. Finally, it is interesting to notice that the 
use of mixing with low excess of ligand is not improving the system, because it 
accelerates the formation of by-products. Agitation is often used for the synthesis of 
MOFs, for guaranteeing the mixing of the reagents and improving the kinetic. 
However, in this case silent conditions have demonstrated to be better for avoiding the 
excessive formation of by-products. 
7.4 Summary 
From the experiments done, it has been demonstrated that with a molar proportion 
metal : ligand 1 : 5 it is possible to produce a material with similar features of the pure 
sod-ZIF-8 obtained with a higher excess of organic linker (1 : 70). This result has been 
possible paying attention to the water content and to the reaction time. In this work, 
the same quantity of water of the experiments with high molar proportion has been 
used, which has demonstrated to be a good choice also considering the results from 
the literature. On the other hand, the study showed that the time is an important 
parameter because it controls the formation of by-products. Due to the low pH of the 
system when a low ligand excess is used, by-products are generated along the reaction, 
worsening the BET surface area. It has been demonstrated that short reaction times are 
necessary for avoiding the excessive formation of these compounds. This result is 
important because in the literature no specific studies on the effects of time have been 
conducted using low excess of ligand. Other previous works, in fact, report that no 
ZIF-8 can be obtained with molar ratio lower than 1 : 40. However, the material was 
always produced for long times (24 hr), causing the massive formation of by-products. 
Mixing and sonication do not improve the system. They instead accelerate the 
formation of the by-products, probably increasing the mass diffusion in the solution. 
In this way, the zinc still available in the solution after the initial formation of ZIF-8 
can more easily react with other species (NO3- and OH-). Similar to the high excess of 
ligand, no effects of stirring speed, frequency or power have been observed. Finally, 
the influence of temperature increase up to 40°C for the experiments with US has been 
excluded. 
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Conclusions 
8.1 Introduction 
The aims and objectives of this study have been successfully addressed by 
studying the influence of sonication on two different systems, especially focusing on 
the effects of sonication time, frequency and power, and varying supersaturation. The 
two systems are examples of crystallisation by precipitation, which is a very common 
route in industry, appreciated for its rapidity on producing crystals. However, it is 
affected by poor quality of the crystals obtained. Precipitation is very sensitive to many 
parameters, such as the reactant injection point and rate, the sequence of reactant 
mixing, the blade design, and the reactant solution concentrations. Therefore, the 
possibility of improving this route by the use of US is high, especially considering the 
results previously obtained in the literature. As already mentioned, sonication can 
control the final crystal size and decrease the induction time, reducing the time needed 
for ending the crystallisation. 
The comparisons between the two systems allow to obtain some general 
conclusions for optimising the use of US in crystallisation. Furthermore, the results 
obtained could help clarifying the mechanism behind sonocrystallisation. The 
theoretical gaps still opened together with a lack of optimisation are the main obstacles 
to the exploitation of this technique in industry. 
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8.2 Optimisation 
In sonocrystallisation optimisation can be defined as the variation of sonication 
parameters (time, frequency and power) with the objective of both reducing the energy 
demand and improving the final crystals produced. This thesis demonstrates that, in 
general, it is not necessary to sonicate for the entire duration of the crystallisation, but 
only for a small amount of time at the beginning of the process. This general conclusion 
has significant implications for the industrial application of US. One main limitation 
of the use of sonication in industry is related to the energetic impact of this choice. 
Therefore, it is clear that reducing sonication time means saving energy, i.e. optimising 
the system. 
However, this result is not enough for optimising a process, since the properties 
of the final product should also be analysed. In the antisolvent crystallisation of 
sodium chloride, the final crystal size was reached more quickly when US was applied. 
However, the homogeneity of the product depends on the combination of 
supersaturation and power applied to the system. For example, at 98 kHz bimodal 
distributions have been formed at short sonication times with low supersaturation and 
low power. In addition, the crystal size depends on the frequency: smaller particles are 
obtained at lower frequencies (< 300 kHz), because bubbles are larger and their 
collapses are stronger than at high frequency, making sonication more effective toward 
crystallisation. Therefore, for optimising the product in terms of crystal size, a balance 
between supersaturation and power applied is necessary, together with a selection of 
the frequency. 
Experiments on the reactive crystallisation of ZIF-8 even showed that short 
sonication time is necessary for guaranteeing a better product. Since no effects of time 
have been detected on crystallinity, purity, yield and BET surface area, it is possible to 
only focus on the crystal size. With high excess of ligand, 5 s US applied at the 
beginning of the reaction allow to obtain nanoparticles, while longer sonication causes 
an increase of the size. In many applications nanocrystals of ZIF-8 are a requirement, 
such as for producing thin nano layers on membranes, for catalysis or for nanoreactors. 
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On the other hand, when low excess ligand is used, short sonication times are 
necessary for avoiding the massive production of by-products. Furthermore, at high 
molar proportion metal : ligand no influence of frequency have been detected, while 
the calorimetric power seems to slightly affect the BET surface area only. In particular, 
fixing one frequency, increasing the calorimetric power the BET surface area reaches a 
maximum for then decreasing at too high power. This is a positive result, because it 
means that a high power is not necessary, therefore decreasing the energy required. 
On the other hand, it has not been possible to find any correlations between power and 
excess of ligand, because the formation of by-products at low excess interferes with the 
analysis. In general, sonication does not improve the product when a low excess is 
used because it accelerates the formation of by-products, therefore only in this case the 
better optimisation is working in silent conditions. 
8.3 Understanding of the mechanism 
As already presented, sonication can be applied for a short amount of time at the 
beginning of the reaction. This result is not only important from the practical point of 
view, but it is fundamental also for understanding the mechanism of 
sonocrystallisation. It clearly supports the theory that US affects mainly the nucleation 
step, increasing the formation rate of nuclei and generating as a consequence smaller 
and more regular crystals. In the antisolvent crystallisation of sodium chloride with 
high supersaturation, the application of US in the middle of the process caused the 
formation of small crystals. It has been demonstrated that these new particles were not 
fragments from the crystals already present in the system. In addition, at low 
supersaturation, the bimodal distributions obtained were a mix of large and small 
particles, where the latter were generated by sonication. Furthermore, for ZIF-8 with 
high excess of ligand the crystal size was reduced when US was used, and this 
reduction was more important at short sonication times. Therefore, sonication is able 
to form new nuclei from the solute in solution (primary nucleation) or through sono-
abrasion phenomena (secondary nucleation). Growth is affected only as a 
consequence, because the solute in solution is split among a higher number of nuclei, 
hence the crystals obtained resulted to be smaller. 
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In addition, comparing experiments with different supersaturation and 
calorimetric power for the antisolvent crystallisation, it has been concluded that the 
bimodal distributions obtained in some specific cases could be explained using the 
theory of the minimum energy supplied to the system for primary nucleation. This 
mechanisms, based on the existence of a correlation between the amount of energy and 
the supersaturation, can easily clarify the formation of smaller crystals (high σ and low 
power) or the growth of particles (low σ and high power) at longer sonication times. 
On the other hand, all these phenomena cannot be explained by sono-abrasion. The 
mechanism proposed could help on shedding light on which type of nucleation is 
affected by sonication, supporting the idea that US mainly acts on primary nucleation. 
On the contrary, the effects of sonication on ZIF-8 are not limited to the reduction 
of the crystal size. As already mentioned, a slight influence of the power on the BET 
surface area has been detected at high excess of ligand. This observation helps on better 
understanding how US can affect the synthesis of ZIF-8. In the literature it has been 
hypothesised that the mechanism of formation of this MOFs in water is very similar to 
a zeolite. An initial amorphous phase is rapidly generated and then transformed in a 
fully crystalline material through solution-mediated transport and solid-phase 
transformation. The action of sonication seems to be a balance between micromixing 
and shockwaves. The former contribute to increase the BET surface area, forming a 
more homogenous and less dense initial amorphous phase and improving the 
transport of the species form the solution. The latter, instead, could cause the formation 
of superficial defects, pore blockages and breakage of the weak bridges that are formed 
in the early stage. Increasing the calorimetric power increases the micromixing, but it 
also increases the collapse strength. For this reason, the BET surface area shows a 
maximum increasing the power, and the values obtained with mixing are instead 
higher especially at high stirring speed. On the other hand, when a low excess of ligand 
is used, sonication, similarly to mixing, forms by-products more rapidly than in silent 
conditions. The reason is the unreacted zinc, which is prone to form bonds with other 
counter anions in the system (NO3- and OH-), producing as a consequence by-products. 
US and mixing probably increase the mass diffusion in the system, encouraging the 
formation of these bonds. 
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Hence, it is clear that the synthesis of ZIF-8 is not easily comparable to the 
antisolvent crystallisation of sodium chloride, since the mechanism of formation is 
more complex. Due to the reactions involved, other compounds can also be formed, 
contaminating the final product. Therefore, for ZIF-8 it is not possible to say with 
certainty if primary or secondary nucleation is affected by US. However, it is 
interesting to notice that a frequency effect is detected for the antisolvent 
crystallisation, while this is not valid for the reactive crystallisation. This is an 
important result, since the previous studies on the sonocrystallisation of reactive 
systems only worked with a fixed frequency (probes) [190,209,244,260]. Therefore, it 
seems that the antisolvent route is sensitive to the differences in the cavitation activity 
related to the change on frequency, while for a reactive system the effect of mixing 
induced by US is more important. No effects are identified on the yield or on the 
crystallinity, and in general the results obtained with sonication are very similar to 
those ones obtained with mixing. Hence, the differences on the amount of OH radicals 
formed varying frequency do not affect the system at all and the action of US seems to 
be more physical than chemical. 
8.4 Future prospects 
A comparison between two different systems has been conducted with the aim of 
finding commonalities and differences, for better understanding the mechanism of 
sonocrystallisation and finding ways of optimisation. Even if the two systems allow to 
obtain some common conclusions (crystal size reduction cause by sonication and 
possibility of reducing sonication time), it is also true that some limitations obstacle 
the complete clarification of some open points. A reactive system is, in fact, generally 
more complex and can vary a lot basing on the reaction considered. For the specific 
case of ZIF-8, many properties of the material should be studied (crystallinity, purity, 
yield, morphology, crystal size and BET surface area) for totally characterising the 
system and the effects of US on the synthesis. Furthermore, the mechanism of 
formation of ZIF-8 is different from the antisolvent crystallisation of sodium chloride 
and, as consequence, changing the excess of ligand in the former gives different effects 
from simply varying supersaturation in the latter. As a consequence, this complexity 
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did not allow to confirm the influence of sonication on primary or secondary 
nucleation. This study clearly shows that the choice of the system is very important for 
obtaining useful information. In some systems, in fact, some effects are not so evident 
or even totally hidden. Future works could be done focusing on this specific question, 
and the study of an easier system could be more helpful for clarifying the mechanism. 
Considering the works already conducted for the antisolvent crystallisation of sodium 
chloride, this could be a good system to consider for this scope. In addition, imaging 
through high-speed camera could also be taken in account for having a better insight 
on the phenomena, using an in-line technique. 
Finally, even if the results on ZIF-8 contribute only partially to the general 
understanding of the mechanism of sonocrystallisation, they represent something 
important for the knowledge of this material. The study of sonication applied to the 
synthesis of ZIF-8 in water helps on shedding light on its mechanism of formation and 
on how US can affect the process. In addition, the variation of the excess of ligand and 
the study of the influence of time allows to obtain useful information about the 
evolution of the system, finding the criteria for reducing the contamination of ZIF-8. 
The present study mainly focused on the characterisation of the main properties of 
ZIF-8, such as purity, morphology and BET surface area. Basing on these features, the 
material obtained using a low excess of ligand seems to be of good quality. However, 
it is important to underline that one of the main characteristics of MOFs is their great 
selectivity in adsorption applications. For example, the presence of by-products could 
change this selectivity. On the other hand, the nanoparticles obtained with high excess 
of ligand in sonication conditions could vary the properties of adsorption and the 
process of formation of embedded membranes. These applications were out of the 
scope of this thesis, therefore the material obtained was not tested. Nevertheless, these 
aspects could be of great interest for studying the effects of sonication directly on the 
final use, instead on limiting on the ZIF-8 properties. 
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Figure A.1. Variation of PSD of the crystals based on number in silent conditions, at different 
sonication times. The single points represent the number fractions calculated as average among 
the values obtained for each of the three repetitions. The curves are guides to the eye. 
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Figure A.2. Variation of PSD of the crystals based on volume in Continuous US for 300 kHz 
12.5 W, at different sonication times. The single points represent the number fractions 
calculated as average among the values obtained for each of the three repetitions. The curves 
are guides to the eye. 
 
Figure A.3. Variation of PSD of the crystals based on volume in Continuous US for 1 MHz 13.4 
W, at different sonication times. The single points represent the number fractions calculated as 
average among the values obtained for each of the three repetitions. The curves are guides to 
the eye. 
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Figure A.4. Variation of PSD of the crystals based on volume in US - Silent for 98 kHz 6W, at 
different sonication times. The single points represent the number fractions calculated as 
average among the values obtained for each of the three repetitions. The curves are guides to 
the eye. 
 
Figure A.5. Variation of PSD of the crystals based on volume in US - Silent for 300 kHz 12.5 W, 
at different sonication times. The single points represent the number fractions calculated as 
average among the values obtained for each of the three repetitions. The curves are guides to 
the eye. 
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Figure A.6. Variation of PSD of the crystals based on volume in US - Silent for 1 MHz 13.4 W, 
at different sonication times. The single points represent the number fractions calculated as 
average among the values obtained for each of the three repetitions. The curves are guides to 
the eye. 
 
Figure A.7. Variation of PSD of the crystals based on number for Burst US (5 s at 98 kHz 6W) 
at different times during a 90 s crystallisation time. The single points represent the number 
fractions calculated as average among the values obtained for each of the three repetitions. The 
lines are not theoretical fits, but only fitting curves to guide the eye. 
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Figure A.8. Variation of PSD of the crystals based on volume for Burst US (5 s at 98 kHz 6W) at 
different times during a 90 s crystallisation time. The single points represent the volume 
fractions calculated as average among the values obtained for each of the three repetitions. The 
lines are not theoretical fits, but only fitting curves to guide the eye. 
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Figure B.1. For crystallisation under US - Silent 98 kHz 0.41 W with σ = 2.10 at different times 
variation of PSD by volume (left) and by number fraction (right). The data points are volume 
fractions from one experiment for each PSD and the curves are drawn to guide the eye. 
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Figure B.2. For crystallisation under Continuous US 98 kHz 6.03 W with σ = 2.10 at different 
times variation of PSD by volume (left) and by number fraction (right). The data points are 
volume fractions from one experiment for each PSD and the curves are drawn to guide the eye. 
 
Figure B.3. For crystallisation under Continuous US 98 kHz 0.41 W with σ = 5.93 at different 
times variation of PSD by volume (left) and by number fraction (right). The data points are 
volume fractions from one experiment for each PSD and the curves are drawn to guide the eye. 
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Figure B.4. For crystallisation under Continuous US 300 kHz 0.67 W with σ = 5.93 at different 
times variation of PSD by volume (left) and by number fraction (right). The data points are 
volume fractions from one experiment for each PSD and the curves are drawn to guide the eye. 
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Figure C.1. Yield % based on the amount of zinc, comparing silent and mixing conditions (left), 
and sonication at different frequencies and powers (right). The error bars showed in the graph 
are standard deviations calculated from three repetitions for each condition. 
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Figure C.2. Average crystal size based on number fraction for 300 kHz (left) and for 1 MHz 
(right) for different powers. The error bars showed in the graph are standard deviations 
calculated from two repetitions. Where the error bars are not shown, the average crystal size is 
from one repetition only. The lines are drawn to guide the eye. 
 
Figure C.3. PSD obtained in (left) silent and mixing conditions and (right) in sonicated 
conditions, for different frequencies and calorimetric powers. The lines are drawn to guide the 
eye. 
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Figure C.4. Nitrogen adsorption isotherms obtained for silent and mixing conditions (left), and 
with US (right). In the sonicated conditions, only two isotherms obtained at 98 kHz have been 
reported as example for avoiding overlapping. Each isotherm is obtained from one analysis for 
each condition studied. 
 
Figure C.5. BET surface area as function of time for silent and mixing conditions (left) and for 
sonication (right). The error bars are calculated from two independent repetitions. 
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Figure D.1. Nitrogen adsorption isotherms obtained in silent and mixing conditions at different 
times. Each isotherm is obtained from one analysis for each condition studied. 
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Figure D.2. Nitrogen adsorption isotherms obtained at 5 s in silent and sonicated conditions at 
different frequencies and powers. Each isotherm is obtained from one analysis for each 
condition studied. 
 
Figure D.3. Nitrogen adsorption isotherms obtained in sonicated conditions at 300 kHz 5.34 W 
at different times. Comparison with silent and mixing conditions is also showed. Each isotherm 
is obtained from one analysis for each condition studied. 
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